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SUr.  ffP.  RY 
A  method  has  been  developed  to  enable  the  prediction 
of  the  steady  state  and  the  transient  performance  of  gas  turbines. 
The  model  is  based  upon  the  thermodynamic  processes  and  the 
performance  characteristics  of  the  components  of  the  engines. 
This  method  has  been  incorporated  into  a  computer  programme  that 
is  suitable  for  various  engine  types.  All  agrö,  engines_ 
currently  in  service  can  be  simulated  with  this  programme  and 
the  computing  requirements  should  be  satisfied  by  a  small 
installation. 
Component  characteristics  were  available  for  four 
engines  of  three  different  configurations.  These  characteristics 
were  used  to  predict  the  behaviour  of  the  respective  engines. 
Once  the  accuracy  of  the  method  was  established,  the  chara- 
cteristics  were  suitably  modified  to  study  other  engine  confi- 
gurations  for  which  characteristics  were  not  available.  A  total 
of  eleven  different  engine  configurations  have  thus  been 
simulated.  Single-spcol,  two-spool  and  three-spool  turbojet 
engines,  and  one,  two  or  three-spool  bypass  and  turbofan  engines 
with  separate  or  mixe:  exhausts,  of  front  or  aft  fan  arrangement 
have  been  analysed. 
All  these  predictions  were  made  assuming  ädfjabatic 
conditions  hold  for  both  the  transient  and  steady  state  processes. 
The  next  step  has  been  to  include  the  effect  of  factors  which  are 
known  to  affect  the  transient  behaviour,  such  as  tip  clearance 
changes,  heat  transfer  effects  and  changes  in  component  chara- 4 
cteristics  during  the  transient.  Of  these  effects,  the 
movement  of  the  characteristics  and  the  effect  of  the  seals 
not  having  their  steady  state  clearances  produce  the  largest 
differences  between  adiabatic  analysis  and  analysis  with  heat 
transfer.  Fluid  density  changes  have  a  small  effecton  the 
predicted  response,  but  the  thrust  achieved  at  the  end  of  the 
speed  transient  is  slightly  lower.  These  effects  are  illus- 
trated  on  a  two-spool  bypass  engine  with  mixed  exhausts  for 
which  the  necessary  information  was  available. 
In  addition  several  minor  effects  have  been  investi- 
gated,  such  as  the  effect  of  the  extent  of  mixing  in  engines 
of  mixed  exhausts.  Even  for  the  most  complex  engines,  computing 
time  is  about  five  times  real  time,  which  indicates  that  better 
hardware  would  enable  the  achievement  of  real-time  s.  imula-ý-' 
4icn.  When  the  non-adiabatic  effects  are  included,  the  computing 
increases  to  slighlty  less  than  double  the  time  needed  for  the 
adiabatic  model. 
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INTRODUCTION 
In  the  year  150  B.  C.  Hero  of  Alexandria  used  an 
original  device  to  provide  movement  for  some  symbolic  figures 
in  religious  ceremonies.  A  crude  turbine  used  the  flue  gases 
of  a  furnace  to  produce  the  necessary  power,  -in  what  was  one 
of  the  first  attempts  to  obtain  work  from  a  primitive  heat 
engine.  John  Barber  in  1791  patented  the  forerunner  of  gas 
turbines  as  they  are  known  today.  A  few  years  later,  in  1808, 
the  first  explosion  type  of  gas  turbine  was  devised.  The 
development  of  the  continuous  engine  suffered  from  lack  of 
understanding  of  the  processes  involved.  In  1905  the  first 
successful  centrifugal  compressor  was  designed  by  Rateau. 
Later  in  the  same  year,  Armengaud  and  Lemale  built  the  first 
working  engine,  the  efficiency  of  which  was  of  less  than  five 
percent.  Further  insight  and  experience  were  gained  with  the 
passage  of  time,  and  by  the  beginning  of  the  Second  World  War 
a  few  industrial  gas  turbines  were  in  service.  This  period 
saw  the  first  development  of  gas  turbines  for  aircraft 
propulsion,  the  main  attraction  for  this  particular  application 
being  its  high  power  per  unit  of  machinery  weight.  During  the 
War  the  main  nations  developed  this  type  of  propulsion,  and  in 
the  closing  years  of  the  conflict  both  sides  had  operational 
squadrons  of  jet  powered  aeroplanes. 
Since  then  the  gas  turbine  has  become  the  most 
important  method  of  aircraft  propulsion  and  is  becoming  more 11 
widely  used  in  both  industrial  and  marine  applications.  With 
the  attainment  of  the  required  increased  powers  and  efficiencies 
gas  turbines  have  inevitably  become  more  complex  and  more 
expensive  to  design,  test,  develop  and  build.  As  a  result  it 
is  highly  desirable,  if  not  necessary  to  be  able  to  predict 
their  performance  in  both  steady  state  and  transient  conditions, 
as  early  as  possible  and  as  accurately  as  possible.  This  would 
reduce  development  time  and  cost,  and  both  manufacturers  and 
users  would  have  a  better  understanding  of  engine  behaviour 
under  diffarent  operational  conditions.  Models  have  been  devised 
for  this  purpose.  If  the  models  are  to  be  useful  they  must  be 
accurate  and  easily  adaptable  to  any  modification  the  engine 
may  undergo  during  the  design  period  or  its  operational  career. 
Transient  behaviour  is  of  particular  interest,  because  many 
design  aspects  are  set  by  events  in  the  transient  cycles.  Thus, 
although  transient  processes  account  for  a  small  fraction  of 
the  engine's  working  life  (minimal  in  the  case  of  some  commercial 
and  marine  applications),  they  must  be  accurately  evaluated. 
Even  more  desirable  would  be  to  incorporate  allthe  models  and 
methods  into  one  single  computer  programme.  This  is  a  very 
attractive  prospect  for  both  manufacturers  designing  engines 
of  various  configurations  and  for  the  users  operating  them. 
It  is  to  this  end  that  the  present  effort  has  been  directed. 12 
Ch'.;  -'  PTER  I 
BACKGROUND 
1.1  INTRODUCTION 
This  chapter  starts  with  a  brief  outline  of  the 
functioning  of  gas  turbines.  A  fuller  description  is  available 
in  gas  turbine  text  books  (Refs.  119  33).  A  review  of  previous 
work  in  the  field  of  evaluating  gas  turbine  performance  is  then 
given  and  subsequently  the  reasons  for  opting  for  the  method 
chosen  to  carry  out  the  present  investigation.  The  information 
outlined  is  valid  for  all  gas  turbine  configurations.  The 
various  arrangements  analysed  are  shown  in  Figs.  1  to  11.  For 
these  figures  and  for  the  present  work  the  naming  of  the  various 
configurations  is  as  follows:  the  name  turbojet  is  meant  to 
describe  an  engine  without  bypass  flows.  A  bypass  engine  is 
that  in  which  the  bypass  flow  is  compressed  by  a  compressor  of 
several.  stages  and  in  a  turbofan  the  bypass  flow  is  compressed 
by  a  single  stage  fan.  Nixed  and  separate  exhausts  describe 
the  way  in  which  the  bypass  now  is  returned  to  the  atmosphere, 
mixed  with  the  core  gases  or  through  a  second  nozzle.  The  above 
convention  is  detailed  because  it  has  been  noted  that  the  various 
authors  whose  subject  is  gas  turbine  technology  do  not  all  follow 
the  same  guidelines  when  naming  the  different  engine 
configurations. 13 
1.2  GAS  TURBINE  OPERATIC.  '! 
The  physical  processes  that  occur  in  a  gas  turbine 
are  described  by  the  Brayton  cycle.  In  the  continuous  flow 
(constant  pressure)  gas  turbine,  the  working  fluid  flows 
without  interruption.  The  processes  in  the  thermodynamic  cycle 
occur  in  different  specialised  devices.  This  cycle  is  shown  in 
Fig.  12.  Referring  to  this  figure,  the  process  starts  at  point 
1  for  a  stationary  engine  at  ambient  conditions,  and  at  points 
1A.  for  a  moving  engine,  where  the  inlet  pressure  and  temperature 
are  higher  than  the  ambient  values  because  of  the  ram  compression 
occurring  at  the  intake.  The  compression  process  within  the. 
gas  turbine  raises  the  working  fluid  pressure  to  that  at  paint 
2',  this  process  ideally  being  isentropic  and  obeying  the  law 
given  in  equation  (1.1). 
PV'  =c1 
(1.1) 
Following  the  compression  the  fluid  will  experience  an  input 
of  heat  ideally  at  constant  pressure.  This  heat  input  can  be 
either  by  means  of  burning  fuel  in  the  working  fluid  in  a 
combustion  chamber,  or  oy  heat  exchange.  This  heat  input  will 
change  the  fluid  conditions  to  those  at  point  3'  in  the  cycle. 
At  this  point  the  fluic  w_llstart  the  expansion  process  which 
will  take  it  to  the  con:  i:  icns  corresponding  to  point  5'  in  the 
cycle.  The  first  part  of  the  expansion  (to  point  4')  will  occur 
in  the  turbine(s)  which  dive  the  compressor(s).  The  expansion 
will  then  continue  to  point  3'  of  the  cycle  in  the  device  that 
produces  the  work  output,  either  a  nozzle  or  a  power  turbine. 
If  the  cycle  is  assumed  iceal,  the  compressor  work  is  that 
represented  by  the  area  1CA2',  and  the  turbine  work  by  area 14 
4'8A3'.  In  the  steady  state  for  an  ideal  engine,  these  areas 
will  be  the  same.  For  a  real  engine  the  turbine  work  will  be 
larger,  to  account  for  losses,  mechanical  inefficiencies  and 
power  for  auxiliaries.  In  the  ideal  cycle  area  51CB4' 
represents  the  useful  work  output,  in  the  form  of  shaft  work 
or  gas  kinetic  energy,  depending  on  the  application  of  the 
engine.  Losses  cannot  be  avoided,  so  some  deviations  from  the 
ideal  cycle  have  to  be  accepted.  The  real  cycle  is  shown  by 
1235  in  Fig.  12.  Because  of  intake  losses,  the  compressor 
inlet  pressure  is  slightly  reduced.  The  real  compression 
process  follows  the  law 
PVnc  =  C2  (1.2) 
the  index  of  coMPceSSion,  nc  being  a  function  of  the  ratio  of  the 
specific  heats  of  air  and  of  compressor  efficiencies  (in  the 
ideal  case  it  is  equal  to  the  ratio  of  specific  heats).  In 
the  combustion  chamber  a  small  pressure  loss  has  to  be  accepted 
due  to  friction  and  losses  associated  with  the  combustion 
process  and  its  stabilisation.  As  a  result  the  turbine  inlet 
pressure  will  be  slightly  lower  than  the  compressor  delivery 
pressure.  In  the  turbine  the  aforementioned  inefficiencies 
will  result  in  the  expansion  obeying  the  law 
PUnt  =  C3  (1.3) 
where  the  polytropic  index  nt  is  a  function  of  the  specific 
heats  of  the  oases  flowing  through  the  turbine,  and  of  turbine 
efficiency.  The  working  fluid  consists  of  a  large  proportion 15 
of  air  (approximately  two  thirds  to  three  quarters)  and  a 
smaller  proportion  of  combustion  products.  This  different 
composition  of  the  fluid  results  in  indices  of  expansion 
slightly  different  from  those  of  air.  Due  to  all  the 
irreversibilities  in  the  outlet  flow,  the  outlet  pressure 
will  be  slightly  higher  than  atmospheric  (point  5  in  the 
cycle). 
It  is  interesting  to  notice  the  effect  of  component 
efficiencies  in  this  type  of  engine.  With  improves  component 
efficiencies,  the  work  absorbed  by  the  compressor  will  be  of 
a  lesser  magnitude,  and  the  turbine  will  produce  work  more 
efficiently.  Thereforea  larger  fraction  of  the  expansion  will 
be  available  for  the  production  of  useful  work  output.  In 
general,  the  useful  work  produced  by  the  engine  is  of  a 
similar  or  smaller  magnitude  than  the  compression  work.  Any 
improvement  in  component  efficiencies  will  result  in  a 
magnified  improvement  of  engine  performance,  this  work  output 
being  the  difference  between  two  large  quantities.  The 
following  example  will  illustrate  this  magnifying  effect.  An 
engine  is  imagined,  where  the  compressors  absorb  30  11W,  and 
50  MW  are  available  in  the  expansion  process  to  produce  a 
nett  work  output  of  20  fý'J.  If  the  efficiencies  of  the  comp- 
ressors  and  turbines  are  improved  by  one  percent,  the 
compressor  will  absorb  25.7  1W,  and  in  the  expansion  EO.  5  f,  'W 
will  be  available,  thus  croducing  20.8  1W  of  nett  power,  an 
improvement  of,  four  percent. 
A  very  common  way  of  expressing  the  performance  of  a 
heat  engine  is  the  efficiency  with  which  it  transforms  the 
energy  input  (in  this  case  the  potential  chemical  energy  of 
the  fuel)  into  the  desired  work  output.  The  thermal  efficiency 16 
for  an  ideal  Brayton  cycle  can  be  shown  to  be 
r1th  (1.4) 
PR  s 
e 
for  an  engine  with  perfect  components.  From  this  equation  the 
conclusion  is  drawn  that  a  higher  pressure  ratio  will  result  in 
a  more  efficient  gas  turbine.  However  for  real  engines  other 
considerations  have  to  be  taken  into  account.  Real  components 
do  not  behave  as  their  ideal  counterparts,  so  some  losses  have 
to  be  accepted.  "-'hen  this  occurs,  the  turbine  inlet  temperature 
will  also  have  an  effect  on-the  efficiency.  The  efficiency  of 
such  an  engine  will  improve  with  higher  turbine  inlet  temperature 
but  this  effect  decreases  with  increased  component  efficiency. 
the  limit  to  turbine  inlet  temperature  is  given  by  metallurgical 
restrictions,  hence  the  efforts  directed  towards  the  production 
of  heat  resistant  materials.  These  effects  of  pressure  ratio 
and  turbine  inlet  temperature  are  illustrated  in  Fig.  13,  the 
line  of  best  efficiency  representing  the  engine  with  ideal 
components,  or  equation  (1.4).  It  can  be  noticed  that  an 
engine  with  real  components  will  have  an  optimum  pressure  ratio 
after  which  a  further  increase  in  this  parameter  will  have  a 
detrimental  effect  on  thermal  efficiency.  For  a  gas  turbine 
for  power  production  the  thermal  efficiency  is  the  overall 
efficiency. 
Up  to  this  point  the  comments  apply  to  gas  turbines 
in  general.  For  several  reasons,  not  least  the  availability 
of  suitable  information,  and  the  existence  of  personal  contacts 
with  an  aircraft  engine  manufacturer,  jet  engines  are  the  main 
subject  of  the  work  described  in  this  thesis.  Therefore  from 17 
this  point  onwards,  gas  turbines  for  aeroplane  propulsion  are 
the  ones  considered.  For  these  engines,  the  overall  efficiency 
is  the  product  of  the  therral  and  propulsive  efficiencies.  The 
propulsice  efficiency  is  defined  as  the  ratio 
work  on  aircraft  (1.5) 
pr  work  output  from  cycle 
and  by  algebraic  manipulation  of  the  various  engine  and  flight 
parameters  it  can  be  snown  to  be 
2UA 
Apr  =  vv  +  UA 
(1.6) 
For  a  bypass  engine  with  separate  exhausts,  Bennet 
(Ref.  8),  suggests  that  a  third  factor  should  be  included  in 
the  evaluation  of  the  overall  efficiency  of  an  aircraft  gas 
turbine  installation.  This  third  factor  is  the  transmission 
efficiency,  expressing  how  efficiently  the  power  of  the  gas 
generator  is  transferred  to  the  cold  propulsive  jet  in  a  bypass 
engine.  The  transmission  efficiency  is  given  by  the  ratio  shown 
in  equation  (1.7) 
- 
_ 
actual  kinetic  energy  supplied  to  bypass  air  Str  =  ideal  kinetic  energy  that  could  be  supplied 
ýý.  7ý 
or  in  algebraic  terms 
i2 
cqcc  T  mbpvbo 
act  qtr 
2  ým  v2  ) 
ý1.  e) 
mcg 
c5  bp  bp  id 16 
where  the  bypass  ratio,  8,  is  cefined  by  equation  (1.9) 
m 
8=  mbe  (1.9) 
cg 
It  can  be  shown  that  for  optimum  thrust 
v  bp  =vcg(,  deal  engine)  (1.10) 
substituting  in  (1.8)  and  rearranging  the  terms, 
1+  BrrT9F  (real 
en  lne  htr  =1+69 
(1.11) 
This  is  the  expression  proposed  by  Bennet.  This 
efficiency  is  a  function  of  the  bypass  ratio  and  component 
efficiencies.  A  similar  type  of  relationship  will  apply  to 
bypass  engines  with  mixed  exhausts  and  to  turbofans. 
The  propulsion  device  is  the  final  nozzle,  in  which 
the  enthalpy  available  in  the  working  fluid  is  to  be  transformed 
into  the  kinetic  energy  of  the  propulsive  jet.,  Equation  (1.12) 
is  a  statement  of  conservation  of  energy,  where  the  enthalpy  of 
the  fluid  and  kinetic  energy  are  interchangeable. 
mCP  (ToN 
-  TN)  -  'mv2  (1.12) 
and  for  a  bypass  engine 
2  ,"2  m  Cp  (Tow  -  TN  )= 
cc  cg  +  -Im  opvbp 
(1 
.  13  ) 
In  the  case  of  a  bypass  engine  with  separate  exhausts,  the 19 
final  nozzle  temperature  difference  includes  the  fraction  of 
turbine  temperature  drop  needed  to  deliver  the  work  input  to 
the  fan  for  compression  of  the  bypass  stream.  An  illustration 
of  the  benefits  of  the  bypass  engine  is  now  given.  For  simplicity 
it  is  assumed  that  the  cold  and  hot  mass  flows  are  similar. 
For  optimum  performance  the  hot  and  cold  stream  velocities  are 
also  the  same  at  the  cold  and  hot  exits.  The  total  mass  flow 
for  the  bypass  engine  will  be  double  that  of  a  turbojet  engine. 
Because  the  gas  velocity  in  the  nozzle  is  to  the  second  power 
in  the  equation,  it  will  be  reduced  by  approximately  thirty 
percent  in  the  bypass  engine.  This  will  produce  a  thrust  that 
will  be  forty  percent  higher  than  in  the  turbojet  engine  for 
the  same  fuel  consumption.  For  a  non  ideal  engine  with  different 
bypass  ratio  and  different  exit  velocities  these  figures  will 
be  modified.  Depending  on  the  efficiency  of  the  various 
components,  important  gains  are  possible.  The  bypass  engine 
designs  are  an  attempt  to  capitalise  on  this  effect.  It  must 
also  be  noticed  that  by  reducing  the  velocity  of  the  jets, 
the  propulsive  efficiency  of  the  installation  is  improved. 
On  the  other  hand,  increased  bypass  ratio  means  increased  engine 
frontal  area  with  consequent  increase  in  drag  and  and  size  of 
landing'gear  installation.  It  is  also  important  that  the 
efficiencies  of  the  components  in  the  bypass  engine  are  high, 
in  order  to  obtain  a  high  transmission  efficiency.  Because 
bypass  engines  have  lower  outlet  jet  velocities,  their  thrust 
drop  with  speed  is  more  pronounced  than  that  for  turbojet 
engines.  This  effect  increases  with  increasing  bypass  ratios 
and  reduced  jet  velocities.  As  a  result  some  aircraft  may 
require  larger  static  installed  thrust  for  safety  margin 
purposes,  in  particular  aircraft  with  only  two  engines.  All 20 
these  problems  have  been  cuercome,  and  satisfactory  bypass 
engine  designs  have  been  produced  and  are  in  service. 
In  gas  turbine  machinery,  fuel  efficiencies  are 
achieved  that  are  comparable  to  most  other  types  of  heat  engine. 
For  industrial  and  marine  applications,  the  main  disadvantage 
is  that  this  fuel  is  of  a\good  quality.  and  therefore  more 
expensive.  Attempts  are  being  made  to  enable  the  use  of  lower 
grade  fuels,  even  coal,  but  advances  have  been  made  only  in 
some  industrial  applications. 
When  designing  gas  turbines  intended  for  aircraft 
propulsion  all  these  aspects  must  be  balanced  against  one 
another,  The  design  must  satisfy  both  the  steady  state  require- 
ments  and  also  the  ability  to  meet  the  engine  operator's  need 
for  fast  thrust  responses  to  changes  in  thrust  requirement  safely 
and  quickly.  This  ability  to  meet  the  changes  in  thrust  require- 
ment  which  occur  in  operation  is  referred  to  as  the  transient 
or  dynamic  performance  of  the  engine.  For  this  purpose  an 
accurate  assessment  of  the  engine's  performance  is  necessary  as 
early  as  possible  for  the  optimisation  process.  Extensive  work 
has  been  carried  out  for  these  purposes,  both  theoretical  and 
experimental.  When  experimental  work  is  required,  it  is  generally 
carried.  out  by  the  manufacturers,  frequently  with  government 
assistance  because  of  the  high  costs  involved.  The  transient 
behaviour  in  particular  is  difficult  to  establish  experimentally. 
Very  accurate,  fast  response  apparatus  is  required,  and  for  the 
measurement  of  transient  effects  such  as  heat  exchange  and  tip 
clearance  changes,  the  difficulties  are  even  larger.  Because 
of  these  experimental  difficulties  and  the  high  cost  of  test 
bed  testing,  much  emphasis  has  been  placed  on  theoretical  work. 21 
1.3  PREVIOUS  WORK  ON  ENGINE  PERFORMANCE 
When  gas  turbines  were  being  designed  in  the  mid  and 
late  forties,  the  need  to  evaluate  the  performance  of  these 
engines  in  both  the  steady  state  and  transient  aspects  become 
apparent.  This  would  save  considerable  trial  and  error  experi- 
menting  on  engines  and  would  provide  insight  into  what  was  then 
a  novel  method  of  producing  power. 
The  first  interest  was  to  predict  the  performance  of 
the  various  components  and  once  this  was  established  to  evaluate 
the  steady  state  perfoemance  of  the  whole  engine.  For  the 
predictionof  component  performance,  reference  was  made  to  work 
with  experimental  cascade  information  and  aerofoil  theory. 
Typical  examples  of  this  work  are  summarised  in  Refs.  1,37, 
38,39,40.  From  this  information,  the  component  performance 
was  predicted  with  various  techniques  such  as  those  proposed 
see 
by  Howell  and  Bonham,  (Ref.  40),  Huppert  and  Benser  tRef.  3), 
see 
Palmert(Ref.  3),  Doyle  and  Dixon  (Ref.  17),  Ainley  (Ref.  2). 
Ballal  has  tested  the  accuracy  of  some  compressor  stacking 
techniques  in  Ref.  3.  This  work  involved  the  comparison  of 
characteristics  predicted  with  these  methods  and  characteristics 
of  a  low  speed  compressor  obtained  experimentally.  This  work 
is  very-informative  since  it  provides  insight  into  several 
methods  of  axial  flow  compressor  performance  prediction. 
Once  the  task  of'  predicting  the  performance  of  the 
components  hid  been  completed,  the  next  step  was  to  obtain  the 
steady  state  engine  per`ormance  from  the  predicted  character- 
istics  of  the  components.  Typical  examples  or  this  type  of 
procedure  are  described  by  riallinson  and  Lewis  (Ref.  60)  and 
Goldstein  at  al  (Ref.  30).  Because  of  the  lack  of  adequate 
computing  facilities  at  that  time,  this  work  usually  involved 22 
the  evaluation  of  engine  performance  by  hand  calculations. 
The  results  were  produced  in  charts  where  all  the  necessary 
parameters  were  shown.  This  procedure  is  adequately  described 
in  textbooks  such  as  those  by  Cohen  et  al  (Ref.  11),  Harman 
(Ref.  33). 
Today  this  type  of  calculation  is  carried  out  with  the 
aid  of  a  digital  computer.  The  digital  machine  is  usually 
selected  because  of  its  accuracy.  Palmer  and  Annand  (Refs  70, 
71)  and  Macmillan  (Ref.  59)  described  ways  in  which  this 
calculation  can  be  carried  out.  Palmer  devised  a  series  of 
subroutines,  which  were  called  "Bricks",  to  perform  various 
operations  on  a  set  of  thermodynamic  variables.  These  variables 
represent  the  different  parameters,  such  as  velocity, 
temperatures,  mass  flows,  etc,  at  a  given  station  in  the  engine. 
These  variables,  corresponding  to  the  inlet  of  any  component 
were  fed  into  the  "Bricks",  which  performed  certain  operations 
on  these  variables.  The  operations  represent  the  action  of  the 
component'the  brick  is  meant  to  model.  Some  of  the  bricks 
represent  engine  components,  others  are  meant  to  operate  as 
interfaces  between  the  "component  bricks"  when  the  output  of 
one  component  is  the  input  of  another.  The  task  of  organising 
the  "Bricks"  depends  on  the  desired  engine  configuration  to 
be  analysed  and  is  left  to  the  user  who  has  to  producea  "master 
programme"  for  this  purpose.  Such  a  "master  programme"  to 
analyse  many  configurations  of  fixed  and  variable  cycle  engines 
has  been  produced  by  Macmillan,  using  the  aforementioned  "Bricks". 
This  master  programme  was  designed  to  read  the  component 
characteristics  and  perform  Off-Design  Point  calculations. 
The  next-logical  development  from  these  investigations 
is  the  prediction  of  engine  performance  during  the  transient  phase 23 
In  this  work  the  transient  or  dynamic  phase  is  defined  as 
being  that  during  the  controlled  acceleration  and  deceleration 
of  the  engine.  Originally  this  work  was  carried  out  for  control 
purposes,  and  possibly  for  the  calculation  of  maximum  stresses, 
in  particular  thermal  stresses  of  the  turbines.  During  the 
early  and  mid  fifties  the  Lewis  Flight  Laboratory  in  Cleveland, 
Ohio,  in  the  United  States,  was  engaged  in  this  aspect  of  jet 
engine  performance.  In  these  first  studies  the  engine 
investigated  was  a  single-spool  turbojet  with  a  centrifugal 
compressor.  This  engine  was  assumed  to  be  represented  by  a 
linear  system.  Such  was  the  method  proposed  by  Otto  and  Taylor 
(Ref.  66)  in  1950.  Their  analysis  was  intended  to  account  for 
any  inlet  condition  and  they-proposed  that  the  accelerating  torque 
Q  was  given  by  equation  (1.14) 
(dQ)  A.  F  +  (dnvi)ss°N  (1.14) 
The  partial  derivatives  are  taken  at  a  steady  state  point  ss. 
This  equation  is  shown  in  a  simple  form,  ignoring  altitude 
corrections.  From  this  analysis  it  followed  that  the  engine's 
behaviour  was  adequately  described  by  a  first  order  system  where 
the  time  constant  is  given  by 
'r  = 
(d-I 
(1.15) 
dN  ss 
In  the  discussion  of  their  work,  the  authors  point  out  that 
this  analysis  was  satisfactory  only  for  small  movements  on  the 
performance  maps  of  the  engine.  When  large  accelerations  were 24 
considered,  this  method  produced  only  a  fair  agreement  with 
experimental  results.  When  predicting  the  performance  during 
decelerations,  the  results  of  their  analysis  differed 
significantly  from  the  observed  results.  The  authors  reached 
the  conclusion  that  for  large  scale  transients  the  assumption 
of  the  engine  behaviour  being  linear  was  not  so  good.  Other 
reasons  put  forward  to  account  for  the  discrepancies  were  the 
assumption  of  constant  combustion  efficiency,  and  no  account 
having  been  taken  of  changes  in  the  component  efficiencies. 
A  similar  type  of  analysis  was  used  by  Heidmann  (Ref  36) 
to  analyse  a  similar  engine  for  variation  of  several  parameters, 
such  as  efficiencies,  flow  Mach  number,  etc.  An  attempt  at 
scaling  the  time  constant  to  suit  different  engine  sizes  was 
also  carried  out.  Taylor  and  Oppenheimer  (Ref.  87)  extended 
the  analysis  to  turboprop  engines.  The  expression  to  obtain 
the  time  constant  was  generalised  to  include  the  presence  of 
the  propeller. 
,r- 
C4 
(1.16) 
(dN)e  +  (dN)p 
where  C4-is 
.a 
constant  given  by  the  engine  geometry  and  the 
design  rotational  speed.  A  similar  type  of  analysis  was  used 
by  Fedor  and  Hood  (Ref.  26)  to  study  the  effect  of  afterburning. 
In  1952  Delio  examined  three  methods  of  calculating 
the  engine  behaviour  in  the  transient  phase  following  step  and 
oscillatory  movements  of  fuel  flow  and  final  nozzle  area.  Each 
method  was  a  compromise  between  accuracy  and  complexity.  Delio 
proposed  that  depending  on  the  needs  of  the  user,  a  different 
method  would  be  suitable  for  a  certain  set  of  circumstances. 25 
It  must  be  stressed  that  the  year  was  1952  and  that  digital 
computing  was  virtually  non-existent.  All  the  work  described 
so  far  was  aimed  at  control  systems  analysis.  The  objective 
was  to  achieve  a  better  understanding  of  the  engine  and  to 
produce  work  such  as  that  of  Dandois  and  Novik  (Ref.  14)  where 
a  control  system  is  proposed,  or  Otto  et  al  (Ref.  67)  who 
designed  fuel  controls. 
This  early  research  paved  the  way  for  Ketchum  and  Craig 
(Ref.  43)  and  Pack  and  Phillips  (Ref.  69).  In  these  exercises 
an  analogue  computer  was  used  to  simulate  the  engine  behaviour. 
The  engines  were  still  being  represented  by  linear  systems. 
The  analogue  computer  was.  used  to  obtain  real  time  engine 
simulation  and  to  allow  the  coupling  of  the  control  device  to 
th&  computer  rather  than  to  the  engine. 
The  need  for  more  accurate  modelling  started  to  be  felt 
when  more  complex  engines  were  envisaged  and  designed.  Novik 
(Ref.  64)  still  proposeda  linear  system  analysis  for  a  two-spool 
turbojet,  but  he  recognised  the  need  to  use  a  second  order  system 
for  such  a  complex  configuration. 
This  was  the  time  when  the  N.  A.  C.  A.  became  the  N.  A.  S.  A. 
and  work  on  this  field  became  less  intensive,  taking  second 
place  to  the  requirements  of  the  space  programme. 
The  simplicity  and  shortcomings  of  the  simulations 
so  far  described  were  becoming  apparent,  and  the  need  to  analyse 
the  engine  as  a  non-linear  system  was  realised.  Filippi  and 
Dugan  (Ref.  29)  investigated  the  effects  on  accelerations  of 
three  compressor  arrangements  of  two-spool  engines.  These 
calculations  were  carried  out  manually,  and  some  simplifying 
assumptions  were  made,  but  the  engine  was  treated  as  a  non- 
linear  system.  From  the  component  mass  flow  characteristics, 25 
component  efficiencies  being  assumed  constant,  charts  of 
constant  mass  flow  were  drawn  where  the  various  engine  variables 
were  plotted.  From  these  charts,  assuming  instantaneous  turbine 
inlet  temperature  rise,  the  accelerating  torques  for'the  shafts 
were  obtained.  This  process  was  repeated  for  a  continuing  series 
of  time  intervals  until  the  steady  state  was  attained.  This 
procedure  is  a  typical  example  of  how  a  hand  calculation  would 
be  carried  out.  Larrowe  et  al  (Ref.  47)  investigated  the 
possibility  of  using  map  reading  to  provide  the  engine  character- 
istics.  This  investigation  was  the  first  time  the  method  of 
constant  mass  flow  was  used-on  a  computer.  When  an  analogue 
computer  is  used  to  simulate  the  engine,  the  circuits  of  the 
machine  will  automatically  satisfy  the  requirement  of  continuity 
of  flow,  thus  no  iteration  technique  is  necessary.  Durand  (Ref. 
18)  describes  the  use  of  digital  computer  systems  to  simulate 
engine  performance,  using  this  method.  Time  lags  on  combustion, 
fuel  input  and  increase  of  mass  flow  were  used  to  obtain  good 
agreement  between  predicted  and  observed  transient  parameters. 
In  the  early  1960's,  Saravanamutto  pursued  a  similar 
approach  using  an  analogue  computer  to  analyse  a  small  shaft 
power  engine.  These  analogue  computer  techniques  are  described 
in  Ref.  '77,  and  in  Ref.  78.  At  this  time  Saravannamutto  started 
work  on  his  Doctorate  Thesis  which  was  based  on  this  approach 
to  transient  behaviour  simulation.  In  this  thesis  (Ref.  79) 
a  single-spool  turbojet  and  a  two-spool  turbojet  with  reheat 
were  analysed.  While  this  work  was  being  conducted,  Fawke 
started  work  on  his  own  Doctorate  Thesis.  This  ersearch  was 
directed  towards  the  production  of  a  digital  computer  method 
for  the  transient  performance.  The  method  adopted  was  that  of 27 
intercomponent  volumes,  where  allowance  for  the  storage  of  mass 
in  the  engine  is  included.  Ref.  21  described  this  work  in  which 
five  engines  of  four  different  configurations  were  analysed. 
This  work  was  continued  in  a  fruitful  collaboration  with 
Saravanamuttoa  in  which  both  the  constant  mass  flow  method,  and 
the  intercamponent  volume  method  were  used.  The  calculations 
are  perfarmed  with  the  three  types  of  computer,  digital, 
analogue  and  hybrid.  This  work  is  outlined  in  Refs.  22, 
. 
23, 
24,25,80.  The  discussion  to.  Ref.  25  prompted  some  rethinking 
of  same  of  the  techniques  used,  but  it  was  recognised  that  the 
method  of  intercomponent  volumes  had  been  thoroughly  analysed. 
Additional  work  was  produced  by  Saravanamuttao  and  racIsaac 
in  which  the  method  developed  by  Fawke  was  used  for  analysing 
different  engines  for  a  range  of  purposes  (Refs.  58,81,82). 
In  Ref.  57,  a  comparison  was  made  between  the  three  types  of 
computer  used  for  engine  simulation.  Since  that  time  the  digital 
computer  has  been  intensively  developed,  the  result  of  this 
progress  being  the  feasibility  of  real  time  digital  engine 
simulation. 
With  regard  to  other  types  of  gas  turbine  engines, 
8ammert  and  Krey  (Ref.  4)  have  analysed  the  transient  behaviour 
of  a  closed  cycle  machine.  This  gas  turbine  uses  helium  as  its 
working  fluid,  the  machine  being.  a  nuclear  heated  closed  cycle 
gas-turbine.  In  this  engine,  a  large  amount  of  intercomponent 
ducting  existed,  dictated  by  the  use  of  intercoo.  lers  in  the 
design.  Account  had  to  be  taken  of  steady  state  heat  transfer 
and  mass  storage  in  the  plant.  No  account  was  taken  of  transient 
heat  transfer,  although  the  need  for  this  was.  recognised.  This 
investigation  shows  haw  different  the  requirements  of  gas 28 
turbines  for  various  applications  can  be. 
Returning  to  aero  gas  turbines  the  N.  A.  S.  A.  has 
produced  two  general  simulation  programmes  designed  to  model 
several  engine  configurations.  This  is  the  only  attempt  known 
to  produce  a  general  transient  programme  in  which  no  reprog- 
ramming  is  necessary  if  different  gas  turbines  are  to  be 
simulated.  The  only  parameters  to  be  changed  are  the  control 
variables  defining  the  engine  geometry.  One  of  the  programmes 
is  known  by  the  acronym  HYDES,  described  by  Siuch  and  described 
in  Ref.  85.  This  programme  was  developed  for  hybrid  computer 
facilities.  It  can  analyse  eight  engine  configurations,  although 
it  cannot  model  three-spool  engines.  DYNGEN,  designed  by  Sellers 
and  Daniele  (Ref.  83),  can  analyse  eleven  engine  types,  three 
of  which  are  three-spool  configurations.  DYNGEN  has  been 
programmed  for  digital  computers.  These  two  programmes,  which 
were  produced  in  the  mid  1970's,  are  both  based  on  the  method 
of  intercomponent  volumes.  A  disadvantage  of  HYDES  is  that 
if  a  compressor  is  designed  with  air  bleeds  the  programme  allows 
these  flows  to  be  extracted  only  between  two  components.  It 
would  be  possible  to  treat  a  compressor  as  two  separate 
components,  one  before  the  point  from  where  the  bleed  flow  has 
been  removed,  and  one  after  this  point,  but  it  is  not  clear  if 
the  programme  has  such  a  capability.  If  it  does,  it  would  need 
longer  computing  times,  and  more  extensivedata:  inputs  and  data 
manipulation.  From  the  report  on  DYNGEN  it  is  not  very  clear 
if  bleeds  can  be  removed  from  any  point  along  the  length  of  a 
component. 
At  about  the  same  time  as  the  N.  A.  S.  A.,  work  was  being 
carried  out,  Itoh  at  al  (Ref.  41)  used  analogue  techniques  to 29 
analyse  a  two-spool  turbofan.  This  work  is  very  similar  to 
the  early  work  carried  out  by  Saravanamuttoo  (Refs.  779  78,79), 
but  the  more  advanced  computer  enabled  the  presentation  of  more 
information. 
Investigations  of  the  types  described  above  are  still 
being  made  for  control  purposes.  The  insight  obtained  by  non- 
linear  engine  simulation  has  helped  the  research  carried  out 
in  this  field  such  as  that  of  Ushiyama  (Ref.  89)  and  that  of 
Fett  (Ref  27).  Ushiyama  investigated  engine  performance  modif- 
ications  due  to  changes  in  the  prevailing  atmospheric  conditions. 
Fett  studied  the  effect  of  various  other  disturbances  such  as 
the  effect  of  the  asymmetry  of  the  bleeds.  - 
In  virtually  all  the  models  described  so  far,  it  had 
been  assumed  that  the  flow  in  the  components  such  as  compressors 
and  turbines,  was  adiabatic.  It  was  further  assumed  that  the 
characteristics  obtained  from  steady  state  running  tests  could 
be  applied  during  the  transient.  The  weakness  inherent  in  this 
approach  was  uncovered  in  the  early  1960's,  when  a  very  accurate 
transient  analysis  was  required  for  a  German  helicopter  turbo- 
shaft  engine.  This  theoretical  work  was  carried  out  in  parallel 
with  the  experimental  development  of  the  engine.  It  was  soon 
realised,  that  consistent  discrepancies  existed  between  the  pre- 
dicted  and  the  observed  results,  the  predicted  performance  erring 
on  the  optimistic  side.  Bauerfeind  (Refs.  5,6,7)  reported 
on  these  observations,  and  attributed  these  differences  to  three 
factors: 
Effects  of  heat  storage  in  the  engine 
Effects  of  mass  storage  in  the  engine 
Effects  of  combustion  inefficiencies. 
This  work  formed  the  basis  of  his  Doctorate  Thesis.  Thomson, 30 
(Ref.  88)  continued  to  investigate  these  effects  and  he 
suggested  that  blade  tip  clearances  are  another  factor  to  be 
considered.  Thomson's  predictions  showed  a  good  agreement  with 
those  of  Sauerfeind. 
In  Britain  a  few  years  later,  Maccallum  started  to 
investigate  these  effects.  Ref.  50  of  1969  described  experi- 
mental  work  in  a  single-spool  turbojet.  In  this  work  it  was 
observed  that  the  thermodynamic  variables  of  the  engine  immedi- 
ately  after  the  end  of  a  speed  transient  were  not  the  same  as 
those  three  minutes  after  the  end  of  this  transient.  These 
modifications  in  performance  were  attributed  to  the  fact  that 
the  engine  materials  need  some  time  to  attain  their  equilibrium 
temperatures.  These  non  equilibrium  temperatures  result  in 
modifications  of  component  characteristics,  non  design  blade 
tip  and  seal  clearances,  non-adiabatic  work  transfers,  density 
changes  of  the  fluid,  etc.  caused  by  heat  transfer.  Some  of 
the  effects  of  heat  transfer  on  the  boundary  layer  of  aerofoils 
and  how  this  affected  compressor  performance  were  studied  by 
Naccallum  and  Grant  (Refs.  51,56),  who  also  studied  the  effect 
of  density  changes  of  the  working  fluid  due  to  heat  exchange 
between  this  fluid  and  the  engine  materials.  In  subsequent 
work  (R'efs.  53,54)  these  effects  were  incorporated  in  the 
engine  transient  investigations,  particular  attention  being 
paid  to  the  changes  in  compressor  performance  due  to  this  heat 
exchange.  For  the  evaluation  of  these  effects  a  transient 
programme  based  on  a  modified  version  of  the  constant  mass  flow 
method  was  used.  The  component  performance  charts  were  consider- 
ably  simplified  to  save  computer  storage  space  and  running  time. 
These  simplifications  were  justified  because  the  aim  of  this 
work  was  to  evaluate  the  magnitude  of  the  effects,  rather  than 31 
to  produce  an  accurate  simulation  of  the  engine  performance. 
Other  more  recent  attempts  to  include  these  effects 
are  described  in  the  work  of  Onions  and  Foss  (Ref.  65)  of  the 
N.  G.  T.  E.  They  proposed  simple  techniques,  such  as  scaling  up 
the  values  of  the  rotor  inertia  to  obtain  good  agreement  with 
test  bed  information.  Some  more  realistic  methods  are  proposed 
by  Rick  and  Mugli  (Ref.  74)  and  Larjola  (Ref.  48),  the  latter 
suggesting  very  detailed  analysis  of  the  heat  transfer  effects. 
The  aim  of  these  investigations  has  been  to  minimise  the  type 
of  work  carried  out  by  Rubis  (Ref.  76)  who  investigated  experi- 
mentally  the  transient  performance  of  an  aero-derived  marine 
gas  turbine.  Experimental.  engine  test  bed  running  is  essential, 
but  due  to  the  high  costs  involved  it  should  be  minimised. 
Summarising  the  above,  two  methods  are  currently  in 
use  for  predicting  transient  performance.  These  methods  are 
the  method  of  intarcomponent  volumes  and  the  method  of  constant 
mass  flow.  The  N.  A.  S.  A.,  Saravanamuttoo  and  Fawke  and  sub- 
sequent  co-workers  have  used  principally  the  method  of  inter- 
component  volumes.  Bauerfeind  and  Maccallum  have  carried  out 
their  simulations  using  the  method  of  constant  mass  flow. 
Sauerfeind  has  incorporated  an  algorithm  to  account  for  heat 
storage  and  mass  storage.  Maccallum  has  included  a  detailed 
analysis  of  heat  transfer  effects.  There  is  no  doubt  that 
engine  manufacturers  have  produced  their  own  engine  analysis 
programmes,  probably  using  both  methods  and  making  some 
allowances  for  heat  transfer  effects.  Unfortunately  it  is 
difficult  to  gain  access  to  this  work  because  of  commercial  or 
military  security  reasons.  There  may  be  additional  work  which 
has  been  carried  out  and  is  not  subject  to  security  restrictions, 
but  the  author  is  not  aware  of  its  existence. 32 
1.4  CHOICE  OF  METHODS  FOR  PRESENT  WORK 
As  previously  discussed,  the  first  attempts  to  establish 
the  transient  behaviour  of  an  engine  were  of  an  empirical  nature 
and  they  were  based  on  the  test  bed  analysis  of  the  machines. 
The  first  theoretical  methods  of  calculation  of  transient 
behaviour  involved  the  calculation  of  an  engine  time  constant. 
This  time  constant  governed  the  rate  of  acceleration  or  deceler- 
ation  of  the  engine.  In  the  first  attempts  to  predict  the 
transient  performance  of  a  gas  turbine,  it  was  realised  that 
the  use  of  the  engine's  component  characteristics  was  the  best 
means  of  carrying  out  this  analysis.  Component  characteristics 
are  unique  to  each  engine  model.  Any  theoretical  model  not 
using  them  has  to  evaluate  them,  or  some  equivalent  parameter 
from  the  engine's  geometry  with  consequent  increase  in  computing 
cost.  Alternatively,  assumptions  are  made  sacrificing  the 
accuracy  of  the  model.  Current  techniques  recognise  the  import- 
ance  of  using  steady  state  component  characteristics,  and  two 
distinct  methods  based  on  these  characteristics  are  employed, 
these  being: 
The  mass  flow  method,  which  assumes  mass  continuity 
at  all  times  and  points  in  which  the  engine 
is  operating. 
The  intercomponent  volumes  method,  which  for  the  cal- 
culation  of  the  engine's  pressure  dynamics 
uses  mass  flow  imbalances  between  the  engine's 
components. 
In  the  constant  mass  flow  method,  the  inlet  parameters 
of  a  component  and  its  rotational  speed  are  known,  or  have  been 
assumed.  From  these  conditions  and  the  component's  characteristic: 33 
the  outlet  thermodynamic  variables  can  be  evaluated..  This  is 
carried  out  for  all  the  components  in  the  engine  and  the  mass 
flows  are  noted.  In  general  the  mass  flows  will  not  satisfy 
the  principle  of  continuity.  To  satisfy  this  principle  the 
initial  parameters  of  some  components  are  modified  and  the 
process  is  repeated  until  the  mass  flows  are  compatible.  The 
work  produced  or  absorbed  by  each  component  is  then  calculated 
and  acceleration  or  deceleration  rates  evaluated  for  the  shaft(s). 
In  the  method  of  intercomponent  volumes,  mass  flow 
imbalances  are  allowed  to  occur.  Volumes  are  introduced  between 
the  various  components  and  all  flow  imbalances  are  assumed  to 
occur  in  these  volumes.  The  mass  flow  through  each  individual 
component  is  assumed  to  be  constant.  These  mass  imbalances  are 
used  to  evaluate  the  rate  of  pressure  increase  to  the  engine. 
For  the  combustion  chamber,  the  energy  equation  can  be  used, 
alternatively,  this  component  can  be  separated  into  two  sections, 
the  energy  input  occurring  in  the  plane  where  they  are  separated. 
Once  all  the  components  have  been  analysed  in  this  fashion,  the 
power  delivered  or  absorbed  by  the  components  is  evaluated  and 
subsequently  the  rotor  torques  and  accelerations  are  determined. 
In  both  methods  the  process  is  repeated  for  the  next  time 
interval  until  a  limiting  time  is  reached. 
The  method  of  intercomponent  volumes  has  been  thoroughly 
analysed  by  Fawke  and  Saravanamuttoo  and  the  N.  A.  S.  A.  using 
both  digital  and  analogue  computers.  The  method  of  constant 
mass  flows  has  also  been  used,  but  has  nat  been  analysed  so 
thoroughly.  Sa  far  na  work  employing  the  methad  of  constant 
mass  flow  has  been  published  where  very  complex  engines,  in 
particular  with  split  compressors,  are  analysed.  Obviously 
each'method  has  its  own  merits  and  demerits.  The  method  of 34 
intercomponent  volumes  is  more  realistic  from  the  point  of  view 
that  flow  imbalances  do  occur  during  transient  operation.  As 
mentioned,  this  method  involves  a  straight-through  calculation 
on  the  engine,  without  the  need  for  iterative  loops,  to  obtain 
an  appropriate  operating  point  of  the  various  components.  The 
engine  is  treated  one  component  at  a  time,  starting  with  the 
intakes  and  compressors,  and  the  analysis  progresses  with  the 
knowledge  of  parameters  from  the  previous  time  interval,  until 
the  final  nozzle  of  the  engine  is  reached. 
In  the  constant  mass  flow  method,  particular  attention 
needs  to  be  paid  to  the  convergence  process.  Fawke  (Ref.  21) 
found  that  convergence  could  not  be  obtained  when  he  tried  to 
analyse  a  two-spool  bypass  engine.  The  reason  why  convergence 
was  not  achieved  must  have  been  a  convergence  routine  which  was 
not  efficient.  Durand  also  reported  problems  in  obtaining 
convergence  for  such  a  configuration,  although  in  his  case  the 
difficulties  were  overcome.  If  in  the  mass  flow  method,  con- 
vergence  is  efficient,  a  potential  saving  of  computing  time 
can  be  realised.  The  assumption  of  constant  mass  flow  on  any 
engine  is  not  unrealistic  because  the  mass  flow  imbalances  are 
small  when  compared  to  the  engine  mass  flows.  If  the  chosen 
time  intervals  are  sufficiently  long,  pressure  dynamics  may 
be  assumed  to  have  taken  place  between  two  time  steps.  Fawke 
(Ref.  21)  using  the  method  of  intercomponent  volumes,  quotes 
that  for  the  engines  he  analysed,  the  choice  of  the  size  of  the 
volumes  to  be  included  between  the  components  has  little  effect 
on  the  prediction  of  the  transient.  Indeed,  halving  the  volumes 
produced  no  difference  in  the  calculations.  This  would  lead 
to  the  conclusion  that  mass  now  imbalances  are  not  so  large. 
This  fact  is  confirmed  by  Rick  and  Mugli  (Ref.  74)  who  found 35 
out  that  mass  storage  effects  are  significantly  smaller  than 
heat  storage  effects,  and  the  former  could  be  neglected  in 
most  cases. 
It  is  also  important  to  notice  that  when  an  engine 
moves  from  idle  to  design  conditions,  a  large  increase  in 
engine  mass  flow  occurs,  but  the  increase  in  the  mass  of  the 
fluid  stored  in  the  engine  is  less  marked.  This  increased  mass 
flow  is  proportional  to  the  product  of  the  increased  fluid  density 
in  the  engine  and  the  higher  velocity  of  the  fluid  at  this 
characteristic  position.  In  the  engine  investigated  in  chapters 
three,  four  and  five,  the  core  mass  flow  increases  by  a  factor 
of  five,  but  the  density  increases  only  by  a  factor  of  three, 
the  fluid  density  being  the  parameter  that  determines  the  amount 
of  fluid  mass  present  in  the  engine  at  any  instant.  When  the 
bypass  duct  was  examined,  the  influence  of  velocity  change  was 
even  more  noticeable,  mass  flow  increased  by  a  factor  of  2.5, 
while  density  increased  only  by  a  factor  of  1.6. 
In  the  present  work  an  investigation  of  this  effect 
was  carried  out  to  confirm  these  facts  and  is  detailed  in  Chapter 
U. 
When  comparing  the  predictions  of  the  intercomponent 
volumes  and  constant  mass  flow  methods,  a  small  difference  can 
be  observed  on  the  initial  section  of  the  predicted  paths  on 
the  compressor  performance  maps.  This  difference  is  apparent 
only  for  a  few  time  intervals  following  a  sudden  change  in  the 
fuel  flow  (Ref.  21).  The  constant  mass  flow  method  will  predict 
an  instantaneous  pressure  rise  or  drop  on  the  non-dimensional 
speed  line.  During  an  acceleration,  for  example,  a 
. 
small 
initial  reduction  in  the  mass  flow  of  the  engine  will  be  caused 
by  the  sudden  increase  in  the  temperature  of  the  fluid  in  the 36 
hot  section  of  the  engine.  This  fact  is  supported  by  the 
investigation  detailed  in  Chapter  VI.  The  resulting  path  of  the 
compressor  characteristics  will  have  an  angular  shape.  The 
method  of  intercomponent  volumes  will  predict  a  more  rounded 
shape  for  the  path  of  the  characteristics.  The  pressure  dynamics 
included  in  the  model  will  produce  a  more  gradual  change  in  the 
fluid's  variables. 
To  summarise,  the  method  of  constant  mass  flow  was 
adopted  in  this  work  because  of  the  following  reasons: 
1).  The  method  provides  a  realistic  representation 
of  the  events  occurring  in  the  engine  during  a  transient, 
mass  flow  imbalances  being  small. 
2).  Development  of  the  method  seems  to  have  stopped 
when  the  converging  processes  became  difficult  for 
complex  engine  configurations. 
3).  A  potential  for  saving  computing  time  exists 
if  a  suitable  algorithm  to  ensure  efficient  convergence 
is  designed. 
4).  An  engine  should  always  converge  to  a  given 
mass  flow  if  the  components  are  compatible. 
5).  The  time  interval  to  be  used  is  larger  than 
the  critical  time  interval. 
1.5  CHOICE  OF  COMPUTER 
An  extensive  amount  of  numerical  handling  and  storing 
results  from  the  mathematical  modelling  of  gas  turbine  engines. 
To  obtain  results  quickly,  and  to  allow  the  models  to  have  some 
degree  of  sophistication,  the  use  of  a  computer  is  indispensable. 
Three  kinds  of  computer  are  available  to  perform  these  calculations: 3* 
the  analogue,  the  digital  and  the  hybrid  computers.  If  the 
modelling  is  to  be  carried  out  with  an  analogue  computer, 
electrical  circuits  are  set  up  to  represent  the  engine  components 
and  their  performance  characteristics.  This  machine  has  the 
great  advantage  of  allowing  the  different  component  parameters 
to  be  evaluated  simultaneously,  thus  enablig.  what  is  termed 
"real  time"  simulation.  The  term  real  time  simulation  denotes 
the  capability  of  carrying  out  the  simulation  in  the  time  the 
real  engine  performs  the  transient.  This  feature  makes  the 
analogue  computer  ideal  for  the  design  and  testing  of  control 
devices,  where  the  device  is  connected  to  the  computer  rather 
than  the-real  engine.  This  capability  of  doing  several  comp- 
onent  simulations  simultaneously  is  termed  "parallel  calculation" 
capacity.  The  result  of  the  analysis  is  in  the  form  of  volt- 
ages.  which  represent  the  thermodynamic  variables.  Saravanamuttoo  ￿ 
in  his  Doctorate  Thesis  (Ref.  79)  gives  a  very  good  description 
of  such  a  system.  The  analogue  computer  allows  the  circuits 
representing  engine  components  to  operate  simultaneously,  thus 
algebraic  loops  to  achieve  some  parameters,  such  as  the  mass 
flow  to  satisfy  continuity,  are  not  required.  For  modern  high 
precision  analogue  computers,  reliability  and  repeatability  do 
not  present  any  major  problem.  However,  when  complex  engines 
are  analysed,  the  simulation  will  be  less  accurate  due  to  the 
large  number  of  components  involved.  The  most  important  draw- 
back  of  the  analogue  computer  is  the*difficulty  of  programming. 
The  user  needs  more  experience  and  expertise  to  set  up  the 
analogue  circuits  than  the  user  of  a  digital  computer  would 
require  to  programme  his  machine.  On  the  other  hand,  the 
programming  of  an-analogue  computer  will  be  made  easier  because 
the  differential  equations  describing  the  thermodynamic  processes 
are  performed  continuosly,  without  need  of  numerical  techniques to  solve  these  equations.  These  techniques  are  essential  when 
a  digital  machine  is  employed,  and  one  typical  result  is  the 
need  to  divide  the  processes  into  a  series  of  time  intervals. 
One  feature  cf,  the  digital  computer  is  repeatability 
and  accuracy.  Its  main  disadvantage  used  to  be  its  slower  speed 
of  computation.  The  cicital  computer  with  a  single  processor 
performs.  only  one  operation  at  a  time.  Some  more  modern  machines 
have  more  than  one  processor  and  more  than  one  operation  can 
be  carried  out  at  any  time.  Their  speed  of  computation  is 
increasing  with  continuous  development.  At  the  present  date 
there  is  no  doubt  that  some  digital  machines  have  the  capacity 
to  operate  in  real  time.  With  continuous  progress  this  capacity 
will  increase.  Digital  computers  are  also  superior  when  large 
amounts  of  data  are  to  be  stored  and  handled.  If  a  different 
engine  is  to  be  simulated,  a  digital  computer  would  only  require 
modifications  in  the  cata  supplied.  An  analogue  computer  would 
need  substantial  modifications  in  the  function  generators 
representing  engine  components.  If  a  new  engine  of  a  different 
configuration  is  to  be  analysed,  a  new  electrical  set-up  will 
be  required. 
The  hybrid 
. cc-putar  was  designed  to  combine  the 
advantages  of  both  maciines.  An  analogue  computer  is  used  for 
the  integration  processes,  and  a  digital  machine  stores  the 
data  and  performs  the  nurse:  ical  manipulations.  This  machine 
is  the  most  powerful,  out  the  most  complex,  in  particular  at 
the  digital-analogue  interface.  This  interface  provides  for 
the  interchange  of  bon  logical  and  variable  signals  between 
the  two  component  machines. 
With  the  development  and  improvement  of  high-speed 
digital  computers,  the  digital  machine  has  become  the  most 
favoured  for  engine  analysis,  From  the  commercial  point  of 39 
view,  it  is  easier  to  justify  the  purchase  and  maintenance  of 
a  digital  machine  because  of  its  extreme  versatility.  An 
analogue  computer  would  only  be  useful  for  the  purpose  for 
which  it  has  been  set  up. 
The  present  work  was  carried  out  on  a  digital  computer 
primarily  because  of  the  availability  of  adequate  digital 
computer  facilities  in  the  University  of  Glasgow.  The  machine 
was  an  I.  C.  L.  2976  and  in  the  last  months  of  the  work  an'I.  C.  L. 
2988.  The  simulations  in  these  machines  were  achieved  in  about 
one  and  a  half  to  five  times  the  real  time,  depending  on  the 
complexity  of  the  engine  configuration,  and  the  effects  included 
in  the  simulation. 
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CHAPTER  II 
DESCRIPTION  OF  GENERAL  TRANSIENT  PROGRAMME 
2.1  INTRODUCTION 
When  the  representation  of  a  system  is  desired,  a 
model  is  devised,  and  the  behaviour  of  this  model  is  compared 
to  that  of  the  system.  If  the  agreement  is  close  enough,  the 
model  is  said  to  represent  the  system. 
In  the  particular  case  of  a  gas  turbine,  the  model  is 
physical  or  mathematical.  A  physical  model  requires  experimental 
work  on  a  scaled  version  of  the  engine  or  its  components.  A 
mathematical  model  invariably  involves  computer  programming, 
because  of  the  lengthy  calculations  involved,  particularly  for 
the  more  complex  engines.  Some  early  attempts  (Ref.  29)  employing 
hand  calculations  were  carried  out,  and  although  successful, 
they  were  lengthy  and  tedious,  and  only  the  simplest  of  systems 
were  analysed.  In  addition,  some  unrealistic  assumptions  had 
to  be  made  to  make  the  simulation  feasible. 
The  simplest  modelling  of  the  engines  is  by  assuming 
a  linear  system  to  represent  them.  This  is  a  good  assumption 
for  small  changes  from  a  given  operating  point  and  is  the  type 
of  model  used  for  engine  control,  and  when  studying  the  influence 
of  different  disturbances  at  some  critical  or  important  points 
of  performance  range.  Manufacturers  have  what  is  called  the 
"Small  Change  Matrix"  of  an  engine  for  a  given  operating  point 41 
or  points.  These  models  are  not  useful  for  large  scale  transients 
nor  for  the  determination  of  the  operating  line  and  therefore 
they  are  of  limited  useFilness  in  the  present  work. 
Another  possible  approach  is  the  fundamental  one,  in 
other  words,  working  from  first  principles.  In  this  type  of 
model,  many  engine  parameters,  in  particular  the  performance 
of  each  component,  have  to  be  calculated  from  the  engine's 
geometry.  This  approach  suffers  from  the  disadvantage  of  lengthy 
calculations  and  frequently  the  predictions  are  not  of  satis- 
factory  accuracy. 
A  more  convenient  approach  is  to  divide  the  above 
procedure  into  two  steps.  The  first  step  is  to  predict  the 
performance  of  the  components,  working  from  the  engine's  geometry. 
Once  this  has  been  accomplished  the  predicted  characteristics 
are  used  for  the  calculation  of  the  complete  engine's  steady 
state  and  transient  performance.  As  the  development  proceeds 
and  experimentally  observed  performance  of  the  components  becomes 
available,  only  the  component  performance  maps  need  to  be  modified 
for  continuing  investigations.  This  type  of  procedure  has 
many  advantages.  Component  characteristics  are  frequently  readily 
available  and  in  particular  for  older  engines  they  are  very 
easy  to  obtain.  If  the  characteristics  for  the  components  of 
a  given  engine  con°icuration  are  not  available  it  is  not  very 
difficult  to  generate  them  from  those  of  other  engines.  Thus 
'imaginary'  engines  can  be  simulated,  as  in  the  case  of  the 
single-spool  turbofan  analysis  described  later  in  this  chapter, 
in  section  2.3  .  The  programme  will  remain  unchanged,  only  the 
information  required  will  be  modified. 
A  word  of  caution  must  be  expressed  at  this  point  on 
the  use  of  steady  running  characteristics  for  the  prediction 42 
of  transient  performance.  Most  of  the  transient  programmes 
that  have  been  described  and  are  currently  employed,  use  steady 
running  characteristics.  However  it  is  generally  accepted 
(Refs.  45,,  56)  that  the  characteristics  of  the  components  at 
a  particular  instant  during  a  transient  will  differ  from  the 
characteristics  observed  in  the  steady  state  at  the  same  non- 
dimensional  speed.  These  changes  in  component  performance, 
due  to  tip  clearance  changes,  and  heat  transfer  effects  are 
described  in  chapters  III  and  IV.  In  the  performance  prediction 
programme  developed  in  the  present  work,  allowance  is  made  for 
these  changes  in  component  performance.  Typical  results  are 
given  in  chapter  V. 
2.2  THE  METHOD 
The  present  method  is  designed  using  the  component 
characteristics  (initially  the  steady  running  characteristics) 
as  a  basis  to  carry  out  the  performance  analysis.  The  objective 
of  the  programme  is  to  calculate  the  acceleration  that  the 
engine  will  experience  under  various  circumstances.  The 
acceleration  is  a  function  of  various  parameters 
dw 
_  f(Nj  9  Fr  Alt  M)  (2.1)  dt 
It  is  evident  that  this  acceleration  will  be  a  function  of 
several  other  variables,  such  as  component  pressure  ratios, 
temperature  ratios,  efficiencies  etc.  These  parameters  are  also 
dependent  on  the  rotational  speed  and  the  fuel  flow  and  for 
this  reason  they  are  omitted  from  the  above  expression.  Once 
the  acceleration  is  evaluated,  there  are  several  methods  of 
treating  this  parameter  to  obtain  the  rotational  speed  for  the 
next  time  interval.  Numerical  techniques  of  various  orders 43 
and  varying  complexity  can  be  used  for  this  purpose.  The 
simplest  of  all  these  techniques,  and  the  one  used  in  this 
programme  is  Euler's  method,  where  it  is  assumed  that  the 
acceleration  will  remain  unchanged  during  the  time  interval 
for  which  it  has  been  calculated  (equation  (2.2)). 
t  `ýt+dt  =  wt+  (dt  )tA  (2.2) 
The  first  step  is  to  evaluate  the  fluid  properties  at  the 
principal  sections  in  the  engine.  For  this  purpose  the  princ- 
iple  of  mass  continuity  is  assumed  to  hold  under  all  engine 
operating  conditions.  If  certain  parameters  of  an  engine  are 
fixed,  then  the  state  of  the  engine  is  defined.  This  number 
of  parameters  is  a  function  of  the  complexity  of  the  engine. 
For  example  if  a  single-spool  turbojet  is  operating 
at  a  given  altitude  and  forward  speed,  the  external  parameters 
of  inlet  pressure,  inlet  temperature  and  flight  Mach  number 
are  defined.  If  for  this  engine  of  a  given  geometric  config- 
uration,  the  rotational  speed  and  the  fuel  flow  are  fixed, 
there  is  only  one  value  of  engine  pressure  ratio  that  will 
satisfy  the  the  criterion  of  mass  continuity.  In  this  case 
the  state.  of  the  engine  is  defined.  The  procedure  for 
obtaining  the  values  of  the  parameters  which  define  the  engine 
state  is  now  outlined.  An  iterative  procedure,  starting  with 
an  arbitrary  value  for  the  compressor  pressure.  ratiois  devised. 
From  the  compressor  characteristics,  the  non-dimensional  mass 
flow  and  the,  isentropic  efficiency  are  obtained.  With  the 
evaluation  of  these  parameters,  and  the  knowledge  of  the 
externally  defined  parameters,  the  compressor  delivery  pressure, 
compressor  outlet  temperature  and  mass  flow  are  calculated. 44 
The  fuel  flow  into  the  combustion  chamber,  and  the  air  mass 
flow  into  this  component  will  define  the  combustion  temperature 
rise.  If  the  combustion  chamber  inefficiencies  are  known, 
allowance  is  made  for  them.  Thus  the  non-dimensional  mass  flow 
at  the  entry  to  the  turbine  is  calculated.  When  the  turbine 
is  unchoked,  the  turbine  pressure-ratio  is  then  defined,  if  the 
turbine  is  choked,  an  arbitrary  pressure  ratio  is  chosen.  From 
the  turbine  characteristics,  the  isentropic  efficiency  is  found, 
and  hence  the  turbine  outlet  temperature.  Knowledge  of  these 
parameters  enables  the  calculation  of  a  required  nozzle  area 
to  discharge  the  flow  (the  programme  has  been  extended  to 
incorporate  reheat  systems,  if  required).  In  general,  mass 
continuity  (equation  2.3)  will  not  be  satisfied. 
=o  (2.3)  äA 
+ 
dv 
+p 
Conditions  which  will  satisfy  mass  continuity  are  then  obtained 
by  first  comparing  the  nozzle  area  required  to  discharge  the 
flow  and  the  actual  geometric  nozzle  area  (the  latter  corrected 
by  a  coefficient  of  discharge  if  appropriate).  A  variable, 
X,  to  be  modified  is  then  selected  and  the  relationship  (2.4) 
is  then  established. 
d(X 
=f(  AA  (2.4 
In  equation  (2.4)  A  is  the  geometric  area  available  to  discharge 
the  flow,  and  dA  the  error  in  the  area  produced  by  choosing 
the  given  state  parameters  for  the  current  iteration.  In  this 
particular  example,  if  the  turbine  is  uga  o6oothe  variable  to 
be  modified  is  the  compressor  pressure  ratio.  If  the  turbine 
is  choked,  the  variable  to  be  modified  is  the  pressure  ratio 
of  the  choked  turbine,  a  previous  iteration  sequence  will  have 45 
adjusted  the  compressor  ratio  to  meet  the  capacity  of  the  choked 
turbine.  This  variable  X,  is  then  adjusted  to  bring  the 
required  nozzle  area  into  agreement  with  the  geometric  nozzle 
area.  Since  the  system  is  not  linear,  and  the  desired  function 
f(dX/X)  will  change  along  the  different  running  conditions  of 
the  engine,  an  iterative  procedure  is  devised  to  obtain  the 
equality  between  the  required  and  geometric  nozzle  areas.  The 
desired  function  is  assumed  to  be  of  the  form  shown  in  equation 
(2.5) 
a  dA 
_ý1+ 
Äa  (2.5) 
where  the  exponent  a  is  a  variable  exponent  which  is  continuously 
modified  as  will  be  outlined  later. 
The  above  description  illustrates  the  mathematical 
procedure  for  the  simplest  gas  turbine.  More  complex  engines 
require  more  elaborate  procedures.  A  summary  of  the  general 
approach  is  now  given.  For  turbojets  and  for  engines  with 
separate  exhausts,  the  variable  to  be  modified  is  chosen 
according  to  engine  configuration,  the  shape  of  the  curves  in 
the  compressor  characteristics  and  the  state  of  the  turbines. 
If  a  turbine  is  choked,  the  compressor  pressure  ratio  is 
modified  until  the  required  value  of  the  turbine  capacity  is 
obtained.  Once  this  has  been  achieved  the  variable  adjusted 
to  satisfy  mass  continuity  at  the  final  nozzle  is  the  pressure 
ratio  of  the  choked  turbine  nearest  to  this  nozzle.  The  fluid 
velocity  at  this  turbine  is  the  fluid's  sonic  velocity,  and 
any  pressure  signals  cannot  be  transmitted  upstream  of  this 
point.  Once  the  chosen  parameter  is  modified  the  process  is 
repeated  until  the  desired  equality  between  required  and  geometric 
final  nozzle  areas  is  achieved.  With  the  principle  of  mass 46 
continuity  satisfied  along  the  engine,  the  next  step  is  to 
evaluate  the  torque  imbalance  of  the  shaft(s)..  This  torque 
imbalance  then  determines  the  instantaneous  acceleration,  which 
as  previously  stated  is  assumed  to  be  constant  for  the  given 
time  step.  This  acceleration  is  then  integrated  over  the  time 
interval  to  find  the  rotational  speed  of  the  shaft  at  the  next 
time  step.  The  process  is  then  repeated  until  a  limiting  time 
is  reached. 
For  engines  with  mixed  exhausts  there  is  an  additional 
requirement.  The  principle  of  momentum  conservation,  equation 
(2.6)  must  be  satisfied  by  the  fraction 
pAv  dv  +A  -dp  =0 
(2.6) 
of  carer  gas:  and  the  fraction  of  bypass  air  to  be  mixed.  For 
this  purpose  an  infinitely  thin  control  volume  is  set  up  in 
which  all  the  mixing  is  assumed  to  occur.  At  entry  to  this 
control  volume,  the  static  pressures  of  the  hot  and  cold  streams 
are  equal.  To  obtain  this  equality  in  static  pressure,  an 
iteration  loop  similar  to  the  one  devised  for  the  continuity 
principle  has  been  implemented.  No  dissipation  is  assumed  in 
mixing  process.  If  required,  losses  can  be  represented  by  means 
of  a  small  pressure  loss  occurring  at  the  final  nozzle. 
Integrating  equation  (2.6)  takes  the  form  of  (2.7),  in  which 
momentum  conservation  is  expressed  as  the  impulse  function 
being  constant.. 
PA  (1  +  61 
2) 
=  Cs 
V 
(2.7) 
Integrating  the  equation  of  continuity  of  mass  flow,  substituting 
the  static  temperature  and  pressures  by  stagnation  or  total 
temperature  and  pressures,  and  expressing  the  velocity  as  a 
function  of  Mach  number  and  the  sonic  velocity,  equation  (2.8) 47 
is  obtained  by  rearranging  the  terms. 
RTi 
_( 
°)  Po0 
1+1 
(1  + 
ä212)  lid-1) 
0 
(2.8) 
Rearranging  the  equation  (2.7),  which  describes  momentum 
conservation,  and  substituting  to  obtain  the  stagnation  pressure, 
equation  (2.9)  is  obtained 
X-1  2  (1  +2  X10)  251 
(2.9)  Poo  =A1+ 
M2 
0 
The  solution  to  these  twa  equations  (2.8  and  2.9)  will  yield 
the  mixed  flow  Mach  number,  and  the  stagnation  pressure  of  this 
flow.  The  stagnation  temperature  of  the  mixed  flow  has  been 
evaluated  by  means  of  (2.10)  which  is  a  form  of  expressing  energy 
conservation. 
To 
mcQCpcoTocg  +  mbpOpbpTobp  (2.10) 
o  mc90Pc9  +  rh  Cp 
The  two  equations  obtained  from  mass  continuity  and  momentum 
conservation,  are  to  be  solved  by  an  iteration  process. 
Analytical  solution  is  not  possible. 
A  comment  should  be  made  on  the  choice  of  the  time 
interval,  used  in  this  procedure.  If  the  time  interval  is  too 
large  the  assumption  of  constant  acceleration  is  not  valid,  and 
this  will  lead  to  unrealistic  modelling,  and  could  lead  to 
instabilities  in  the  calculations.  If  too  small  it  will  lead 
to  computation  times  which  will  be  longer  than  necessary. 
2.2.1  Iteration  Requirements  of  Various  Configurations 
The  convergence  process  follows  the  nested  loop  approach. 
Before  proceeding  to  the  next  component,  all  tests  on  the 
previous  components  have  to  be  satisfied.  If  not,  the  inlet 48 
parameters  of  the  nearest  upstream  "free  component"  are 
modified  until  a  satisfactory  operating  point  is  obtained  for 
the  component  in  question.  The  term  "free  component"  describes 
a  component  on  which  the  thermodynamic  variables  for  the  operations 
of  the  components  downstream  are  generated.  Three  types  of 
components  can  be  "free  components":  the  first  compressor, 
the  first  compressor  of  the  core  section  in  a  bypass  or  turbofan 
engine  with  mixed  exhausts,  or  a  choked  turbine. 
A  choice  is  available  on  the  set  of  inlet  variables 
for  the  first  compressor  ..  This  is  necessary  because  many  fans 
and  L.  P.  compressors  exist  whose  characteristics  are  very  flat, 
even  double  valued.  In  this  case  it  is  desirable  to  start  the 
iteration  process  by  using  the  mass  flow  rather  than  the  pressure 
ratio  as  initial  input..  For  single  valued  characteristics  which 
are  not  very  flat,  the  choice  of  inlet  variable  is  irrelevant. 
The  downstream  compressors  have  pressure  characteristics  which 
are  fairly  steep,  nearly  vertical  in  some  cases.  For  these 
compressors,  the  inlet  parameter  is  the  non-dimensional  mass 
flow,  which  is  defined  from  the  outlet  parameters  of  the  previous 
compressor.  It  is  only  when  a  "free  component"  is  encountered 
that  an  arbitrary  pressure  ratio  is  chosen  as  the  input  variable. 
When  a  mixer  is  present,  the  engine  is  less  sensitive 
to  instabilities  of  the  convergence  process.  To  obtain  the 
correct  engine  mass  flow  the  iterations  are  not  started  from  the 
first  compressor,  but  from  the  first  core  compressor,  thus 
reducing  the  number  of  components  within  the  iteration  loops. 
When  an  engine  with  mixed  exhausts  is  analysed,  the  principles 
of  mass  consevation  and  momentum  conservation  at  the  entry  to 
the  mixer  nozzle  must  be  satisfied,  in  addition  to  the  already 
described  mass  continuity  at  the  final  nozzle.  Because  of  the 49 
additional  iterations  imposed  by  these  requirements,  the 
convergence  process  takes  longer  to  be  completed. 
Turbojet  engines,  and  engines  with  separate  exhausts 
have  exactly  the  same  convergence  procedure.  For  the  analysis 
of  these  engines,  the  inlet  parameters  of  any  compressor  are 
defined  by  the  outlet  parameters  of  the  previous  compressor. 
The  mass  flow  through  the  cold  nozzle  of  an  engine  with  separate 
exhausts  is  calculated  from  the  pressure  ratio  across  this  nozzle, 
the  fluid  density  and  the  flow  area.  The  flow  exhausted  is 
subtracted  from  the.  total  flow  to  obtain  the  flow  through  the 
core  components.  In  a  turbojet  engine  the  flows  are  basically 
constant,  only  bleeds  being  removed  from  the  engine  flow. 
In  Fig.  14  a  block  diagram  of  above  described  iterative 
procedure  is  illustrated.  This  procedure  is  general  and  can  be 
applied  to  engines  having  any  number  of  spools,  and  to  turbojets 
and  engines  having  any  bypass  arrangement.  The  engines  may 
incorporate  reheat.  All  bleed  flow  calculations,  cold  exhausts 
and  individual  tests  have  been  omitted  for  reasons  of  clarity. 
The  remainder  of  the  procedure,  torque  calculations  and  transient 
effects  are  not  illustrated  because  they  are  straightforward. 
2.2.2  Convergence  Algorithm 
The  previous  sections  describe  the  procedure  employed 
to  satisfy  the  requirement  of  continuity  of  flow  in  any  engine 
configuration.  When  this  procedure  was  first  applied  to  a  single- 
spool  turbojet  engine,  convergence  was  achieved  in  five  or  six 
iterations.  With  the  adaptation  of  the  programme  to  more  complex 
configurations,  the  total  number  of  i  terations  increased  greatly 
due  to  more  complex  algebraic  loops  and  more  nested  loops. 
The  iterating  technique  had  to  be  improved  to  economise  in 50 
computing  time.  One  method  of  improving  the  convergence  is  for 
the  index  which  modifies  the  parameter  X,  to  be  a  variable 
(equation  2.5).  This  exponent  s.  hould  be  variable  because 
indirectly  it  is  a.  function  of  the  slope  of  the  compressor 
characteristics  for  unchoked  turbine  conditions,  and  of 
(dA/A)/(dP/P)  for  choked  turbine  conditions.  It  is  realised  that 
such  a  facility  would  be  particularly  important  in  the  more 
complex  engines,  where  the  convergence  procedure  is  critical, 
In  these  engines  a  small  change  in  the  initial  set  of  chosen 
parameters  will  produce  a-large  change  in  the  calculated  variables 
at  the  hot  end  of  the  engine. 
A  procedure  for  continuosly  adjusting  the  index  (symbol 
a)  has  been  developed.  Initially,  "a"  is  arbitrarily  set  at 
a  low  figure  (to  avoid  instability)  and  the  new  parameter  for 
the  next  iteration  is  modified  as  a  function  of  the  error  the 
previous  input  had  produced. 
a 
(2.11  )  Xt+dt  =  xt(1  +7A1) 
The  error  emerging  at  the  end  of  the  new  iteration  is 
compared  with  the  previous  error  and  the  index  "a"  is  revised 
as  follows: 
C6 
C7  (2.12) 
t+dt  at(1 
-  f(e)) 
where 
(dA/A)t 
f(e)  _  (dA/A)t-dt  (2.13) 
The  effects  of  using  a  range  of  values  for  C6  and  C7  have  been 
examined.  It  was  found  that  near  optimum  convergences  were 
generally  obtained  if  C6  was  given  the  value  0.7  and  C7  the 
value  0.6.  This  choice  was  satisfactory  for  most  engine  types, 51 
although  in  the  case  of  a  two-shaft  turbofan  with  separate 
exhausts,  calculations  moved  outside  the  allowable  non-dimensional 
speed  of  a  component.  This  difficulty  was  avoided  by  lowering 
C7  to  0.4. 
The  original  intention  was  to  apply  the  method  of 
convergence  using  the  variable  exponent  to  the  two  external  loops, 
these  being  the  loop  dictated  by  the  mass  continuity  equation, 
and  the  loop  dictated  by  the  requirement  of  similar  pressure 
ratios  at  the  entry  to  the  mixer  nozzle.  When  the  analysis  was 
extended  to  the  internal  loops  of  the  various  components,  a 
significant  amount  of  computing  time  was  saved  by  optimising 
the  exponents  of  the  convergence  loops  corresponding  to  these 
components.  The  time  saved  was  of  the  order  of  ten  to  fifteen 
percent,  depending  on  the  engine  type. 
The  variation  of  the  exponent  achieved  in  the  above 
procedure  ensured  that  the  convergence  was  not  too  fast  and 
prone  to  instability,  nor  too  slow  resulting  in  long  computing 
times. 
2.2.3  Handling  of  Engine  Variables 
The  characteristics  of  the  compressors  and  turbines 
are  loaded  as  constant  non-dimensional  speed  lines  with  as  many 
points  as  desired.  Characteristics  for  both  types  of  components 
are  fed  in  tabular  form,  where  the  pressure  ratio,  efficiency 
and  non-dimensional  mass  flow  are  loaded  for  several  points  of 
many  speed  lines. 
An  examination  of  the  method  of  interpolating  between 
speed  lines  was  carried  out.  The  original  intention  had  been 
to  load  only  a  fett  speed  lines,  and  use  Lagrangian  interpolation 
to  obtain  the  desired  speed  lines.  Although  this  proved  success- 52 
ful  for  some  components  of  some  engines  it  was  not  so  for  all 
cases.  Trials  of  the  interpolation  process  were  carried  out 
with  several  sets  of  characteristics  for  which  the  information 
for  about  thirty  speed  lines  was  available.  Five  non-dimensional 
speed  lines  were  loaded  and  interpolations  were  carried  out  at 
intermediate  values  of  the  non-dimensional  speed  where  the 
performance  was  known.  Turbine  mass  flow  characteristics  were 
always  accurately  interpolated.  However  interpolations  of 
compressor  characteristics  of  pressure  ratio  and  efficiency  (for 
a  given  mass  flow)  were  not  so  satisfactory.  There  was  only 
one  instance  with  compressors  in  which  the  interpolations  were 
accurate,  within  one  percent,  this  being  the  L.  P.  Compressor 
of  an  older  version  of  the  two-spool  bypass  engine  with  mixed 
exhausts.  In  the  general  case,  no  improvement  was  made  when 
the  order  of  the  interpolating  polynomials  was  reduced  to  para- 
bolic.  It  was  also  observed  when  using  Lagrangian  interpolation 
that  the  computing  time  was  thirty  percent  longer  than  that 
observed  by  loading  all  thirty  one  speed  lines  and  interpolating 
linearly  between  the  much  shorter  intervals.  For  these  reasons 
it  was  therefore  decided  to  use  as  many  speed  lines  as  possible 
and  interpolate  linearly  across  the  small  intervals.  If  there 
were  not  many  speed  lines  available  then  the  interpolation 
procedure  reverted  to  the  method  of  Lagrange. 
A  facility  has  been  introduced  for  scaling  component 
characteristics.  When  the  programme  was  being  developed,  it 
was  evident  that  the  characteristics  of  many  configurations 
would  not  be  available.  It  would  be  desirable  to  factor  up  and 
down  the  performance  maps  of  other  engines  to  suit  the  engine 
configuration  being  investigated.  Thus  it  is  possible  to  scale 
the  non-dimensional  mass  `low,  pressure  ratio,  and  the  efficiency. 53 
In  addition,  a  constant  loss  or  gain  can  be  incorporated  to  the 
efficiency  characteristics  of  any  component,  to  study  such  an 
effect  if  desired.  Another  reason  for  introducing  these  scaling 
facilities  is  the  fact  that,  normally,  the  observed  steady  running 
performance  in  the  engine  will  not  necessarily  be  the  same  as 
the  one  observed  in  the  component  rig.  The  reason  for  this  is 
that  when  the  components  are  assembled  to  form  the  engine,  inter- 
component  effects  modify  the  performance.  Pressure  losses  occur 
in  the  intercomponent  ducts,  some  clearances,  in  particular 
seal  clearances  will  not  be  as  at  the  design  conditions,  and 
bleeds  are  removed  from  some  components  for  cooling  purposes. 
This  observation  is  confirmed  by  Onions  and  Foss  (Ref.  65). 
Compressor  bleed  valve  openings  are  scheduled  as.  a 
function  of  the  non-dimensional  speed  of  the  rotor  in  question. 
Provision  has  been  made  to  remove  bleeds  from  any  point  in  the 
compressors,  and  they  can  be  returned  anywhere  in  the  engine, 
to  the  bypass  ducts  or  discharged  overboard.  Cooling  flows  are 
similarly  treated.  It  should  be  noted  that  the  magnitudes  of 
these  cooling  flows  are  influenced  by  the  clearance  of  the  seals 
controlling  them.  These  clearances  are  treated  in  Chapter  III. 
When  the  throttle  of  an  aeroplane  is  moved  to  a  different 
control.  setting,  the  fuel  flow  does  not  change  instantaneously 
to  the  new  final  fuel  flow  demanded  by  the  lever  angle.  If 
this  occurred,  the  transient  could  endanger  the  engine.  The 
fuel  flow  is  controlled  by  a  device  which  senses  one  or  several 
engine  parameters.  The  controller  allows  a  given  fuel  to  be 
I  fed  to  the  engine  according  to  a  predetermined  schedule  which 
is  a  function  of  these  engine  parameters.  Gas  turbines  must 
avoid  operation  beyond  two  limits,  and  the  function  of  the  fuel 
controller  is  to  ensure  operation  within  these  limits.  One 54 
of  the  limits  is  compressor  surge.  This  occurs  when  the  air 
flow  in  a  compressor  breaks  down  because  of  aerodynamic  reasons,. 
and  the  air,  or  part  of  the  air  flows  backwards.  The  other 
limit  is  the  maximum  allowable  turbine  entry  temperature.  This 
temperature  is  given  by  metallurgical  considerations,  and 
exceeding  it  may  produce  considerable  damage  to  the  engine. 
These  two  limits  will  not  allow  fuel  schedules  that  would 
produce  too  fast  a  change  of  state  of  the  engine.  In  general 
at  low  speeds,  the  limit  will  be  given  by  the  surge  of  the 
compressor(s),  and  at  this  range  the  transient  is  said  to  be 
"surge  limited"  .  At  higher  speeds  the  turbine  inlet  temper- 
ature  can  be  reached  before  compressor  surge  will  occur.  Thus 
transients  at  the  high  speed  section  of  the  performance  range 
would  be  temperature  limited.  The  controllers  are  designed  to 
ensure  engine  safety  by  not  allowing  fuel  flows  that  could  result 
in  component  operation  beyond  these  limits.  Several  such  fuel 
mass  flow  schedules  have  been  introduced.  One  possibility  is 
for  the  fuel  to  be  scheduled  as  a  function  of  the  rotational 
speed  of  any  one  of  the  shafts  as  shown  in  equation  (2.14). 
F  f(fi  )  (2.14) 
This  is  acceptable  practice  only  for  one  altitude  and  Mach 
number.  When  the  engine  changes  altitudes,  if  the  same  fuel 
flow  function  is  employed,  the  desired  transient  will  not  be 
obtained.  The  solution  is  to  introduce  a  non-dimensional  fuel 
flow  schedule  such  as  the  one  given  in  expression  (2.15). 
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All  the  parameters  shown  relate  to  the  H.  P.  Spool  in  this  case. 
This  particular  method  of  scheduling  the  fuel  flow  is  suitable 
for  all  altitudes.  The  parameters  included  in  the  left  hand 
side  of  (2.15)  show  a  way  of  obtaining  the  fuel  flow  in  a  non- 
dimensional  form.  In  Chapter  V  fuel  schedules  are  further 
discussed. 
Several  other  minor  effects  have  also  been  taken  into 
account,  for  example  bypass  duct  pressure  loss,  combustion 
chamber  pressure  loss,  combustion  efficiency  ,  etc.  There  is 
some  difficulty  in  obtaining  much  of  the  information  required 
for  a  credible  evaluation  of  these  factors,  so  a  simple  but 
realistic  approach  was  adopted.  All  these  variables  are  scheduled 
as  a  function  of  the  H.  P.  shaft  rotational  speed.  It  is  desirable 
to  introduce  these  factors  in  this  convenient  way  because  their 
effects  are  relatively  small  and  their  exact  evaluation  does 
not  merit  particular  attention. 
A  provision  has  been  introduced  for  altering  the  final 
nozzle  area,  reheat  fuel  flow,  and  reheat  duct  pressure  loss, 
again  all  loaded  as  schedules  which  vary  with  the  high  pressure 
shaft  rotational  speed. 
2.3  SINGLE-SPOOL  ENGINES 
When  the  present  work  was  carried  out,  the  only  type 
of  single-spool  engine  in  existence  was  the  single-spool  turbo- 
jet,  the  simplest  of  all  gas  turbine  systems.  This  was  the 
first  engine  to  be  studied  and  most  techniques  were  tried  with 
this  particular  engine  type.  Subsequently  the  method  was 
developed  for  more  complex  configurations,  including  the  single- 
spool  turbofans,  one  with  mixed  exhausts  and  the  other  with 56 
separate  exhausts. 
2.3.1  The  Single-Spool  Turbojet 
This  engine  is  one  of  the  real  gas  turbines  analysed. 
Enough  information  was  available  for  realistic  simulations. 
The  components  of  this  engine  are  a  sixteen  stage  axial  com- 
pressor  and  a  three  stage  turbine  to  drive  this  compressor. 
The  engine  is  in  service  in  both  civil  and  military  applications, 
although  is  being  gradually  phased  out. 
Fig.  15  illustrates  the  acceleration,  steady  state 
and  deceleration  paths  on  the  compressor  characteristic  map. 
A  fuel  schedule  based  on  the  rotational  speed  of  the  shaft  was 
used  in  both  transients.  The  paths  on  the  compressor  charac- 
teristics  are  as  would  be  expected  from  such  a  configuration. 
The  running  line  of  the  acceleration  is  above  the  steady 
running  line,  closer  to  surge,  and  the  deceleration  line  is 
below.  Noticeable  are  two  steps  in  these  paths,  they  are  caused 
by  the  Suaden  closing  or  opening  of  the  bleed  valves  (two  in 
this  engine).  Figs.  16  and  17  illustrate  the  variation  of  other 
parameters  during  the  transient  and  the  steady  state  phases. 
For  the  transient  phase,  the  shaft  rotational  speed,  the  thrust' 
developed,  the  engine  pressure  ratio  and  the  specific  fuel 
consumption  are  plotted  with  time  the  independent  variable. 
Also  shown  are  the  same  parameters  as  functions  of  fuel  flow, 
to  show  the  steady  state  performance  and  the  departures  from 
this  state  during  the  transient.  The  high  specific  fuel 
I  consumption  is  typical  of  turbojet  engines.  This  parameter  does 
not  have  much  meaning  during  a  transient  because  of  the  short 
duration  of  the  transient,  but  it  is  shown  to  illustrate  the 
large  departures  from  the  steady  state  values. 57 
2.3.2  The  Single-Spool  Turbofan  with  Mixed  Exhausts 
An  improvement  in  specific  fuel  consumption  can  be 
obtained  by  allowing  some  of  the  air  to  bypass  the  combustion 
chamber  and  turbine.  The  resulting  cold  stream  can  emerge  from 
a  separate  nozzle  or  can  be  mixed  with  the  core  gases  after  these 
have  passed  the  turbine.  This  potential  benefit  was  realised 
very  early  in  the  development  of  gas  turbine  engines.  The 
theoretical  principles  on  which  these  gains  are  based  have  been 
described  in  Chapter  I.  As  early  as  1943  a  bypass  engine  was 
developed  on  these  principles.  Although  this  particular  engine 
never  went  into  production  it  is  an  example  of  a  ducted  fan 
system.  It  consisted  of  a  ten  stage  axial  compressor  driven 
by  a  two  stage  axial  flow  turbine.  Downstream  of  the  compressor 
turbine  were  two  power  turbines,  which  drove  fan  blades  mounted 
at  their  tips.  This  was  an  example  of  an  aft  fan  gas  turbine 
configuration.  The  main  problem  encountered  was  that  of  severe. 
thermal  stresses  on  the  fan  blades  due  to  the  very  high  temper- 
ature  differences  between  the  core  flow  and  the  bypass  flow 
which  produced  very  high  temperature  gradients  in  the  materials. 
In  the  late  fifties  another  turbofan  was  designed  in 
France.  This  engine  was  a  single-spool  turbofan  with  mixed 
exhausts.  It  was  a  small  engine  and  consisted  of  a  core  section 
with  a  single  sided  centrifugal  compressor  and  a  two  stage  axial 
flow  turbine.  Coupled  to  this  assembly  by  means  of  a  gearbox 
was  a  single  stage  axial  flow  fan.  A  proportion  of  the  air 
compressed  by  the  fan  went  to  the  compressor  and  the  core 
components  of  the  engine,  and  the  remainder  was  directed  to  a 
bypass  duct.  The  core  and  bypass  streams  emerged  from  the  engine 
after  being  mixed  in  a  common  nozzle. 
It  was  decided  to  build  in  this  programme  the  capability 
of  modelling  such  an  engine.  This  configuration  is  an  inter- 58 
mediate  step  between  the  jet  engine  and  the  turboprop  engine. 
If  such  an  engine  was  developed  it  could  prove  inexpensive  to 
build,  with  better  performance  than  the  single-spool  turbojet 
and  without  involving  the  complexity  of  the  two-spool  engines. 
The  analysis  of  these  engines  when  compared  to  the  performance 
of  a  single-spool  turbojet,  reveals  a  marked  improvement  of  the 
thrust  produced  by  the  bypass  arrangement.  This  illustrates 
the  point  made  in  Chapter  one,  where  by  increasing  the  mass 
flow  and  reducing  the  the  flow  velocity,  an  increased  thrust 
is  obtained.  These  gains  are  very  realistic  because  the  engines 
were  analysed  with  real  losses.  The  bypass  ratio  at  the  maximum 
fuel  flow  is  approximately  1.25:  1.  The  engines  analysed  have 
the  fan  directly  coupled  to  the  compressor-turbine  assembly. 
A  provision  for  including  gearboxes  is  included  although  it  was 
not  used.  The  performance  of  this  engine  during  transients  and 
the  steady  state  is  shown  in  Figs.  18,19,20  and  21. 
2.3.3  The  Single-Spool  Turbofan  With  Separate  Exhausts 
Another  possible  single-spool  turbofan  design  is  that 
with  a  sparate  nozzle  for  the  cold  air  flow.  This  configuration 
can  be  studied  with  the  present  programme,  and  it's  predicted 
behaviour  proved  to  be  very  similar  to  that  of  the  single-spool 
turbofan  with  mixed  exhausts.  Paths  on  the  compressor  character- 
istics  are  illustrated  in  Figs.  22  and  23,  and  the  engine  perform- 
ance  in  the  next  two  figures  24  and  25.  Both  single-spool  turbo- 
fan  engines  present  peculiarities  in  the  acceleration,  deceleratior 
and  running  paths  in  the  compressor  map.  This  is  attributed 
to  the  mismatch  of  the  characteristics  of  the  fan  and  the  com- 
pressor.  No  attempt  was  made  to  eliminate  these  irregularities 
because  the  aim  pursued  was  to  establish  the  capability  of 
modelling  these  engines,  not  to  design  one.  The  most  imporatant 59 
point  of  this  analysis  is  adequately  illustrated.  Important 
gains  in  performance  are  possible,  although  these  gains  will 
be  less  important  at  altitude.  When  in  flight  the  thrust 
produced  is  also  a  function  of  the  forward  speed  of  the  aircraft, 
which  will  reduce  substantially  the  thrust  obtained  from  the 
cold  stream. 
2.4  TWO-SPOOL  ENGINES 
It  has  been  shown  that  the  thermal  efficiency  of  a 
gas  turbine  installation  will  improve  with  increased  engine 
pressure  ratio.  It  is  natural  therefore  to  pursue  the 
development  of  higher  pressure  ratio  engines.  When  higher 
pressure  ratio  one-spool  engines  were  being  designed  certain 
difficulties  became  apparent  in  the  compression  prcess.  When 
axial  compressors:  operate  at  non-design  conditions,  instability 
is  likely  to  occur.  When  operating  at  low  rotational  speeds, 
the  fluid  density  at  the  high  pressure  end  of  the  compressor 
is  low,  and  the  axial  velocity  becomes  high.  The  rear  stages 
then  are  operating  near  coking  conditions.  At  the  front  end 
the  axial  velocity  is  low,  producing  high  angles  of  attack 
which  results  in  stall  because  of  the  incorrect  angle  of  incidence 
of  the  flow  on  the  blades.  At  high  rotational  speeds,  stall 
is  likely  to  occur  in  the  rear  stages.  The  axial  velocity  is 
low  because  of  the  high  density  of  the  fluid,  and  again  a  high 
angle  of  attack  of  the  blades  on  the  flow  is  the  result.  This 
mismatch  tends  to  occur  when  pressure  ratios  over  eight  or  nine 
are  to  be  obtained  from  the  compressor.  This  problem  is  severe. 
A  solution  to  this  problem  is  to  design  the  engine  with  two 
compressors  and  two  turbines  with  mechanically  independent  shafts. 
This  gave  rise  to  the  tuo-spool  engine  design.  Engines  of  this 60 
type  easily  achieve  pressure  ratios  of  over  twenty.  The  two- 
spool  layout  is  now  the  most  common,  in  the  turbojet,  and  in 
various  bypass  configurations. 
2.4.1  The  Two-Spool  Turbojet 
This  system  is  the  simplest  of  the  two-spool  engines, 
and  it  has  many  applications  in  the  present  day.  Although  no 
component  characteristics  were  available  for  this  type  of  engine, 
it  was  considered  essential  that  the  modelling  capability  should 
be  provided.  Characteristics  from  a  two-spool  bypass  engine 
were  appropriately  modified  and  these  characteristics  loaded 
into  the  computer.  As  in  the  case  of  the  single-spool  turbo- 
fans  the  paths  on  the  compressor  maps  indicates  incorrectly 
matched  design,  for  example  the  high  non-dimensional  speed  range 
of  the  H.  P.  Compressor  is  not.  entered.  Again  it  was  not  deemed 
necessary  to  correct  these  irregularities  because  the  aim  of 
incorporating  the  modelling  capability  in  the  programme  was 
achieved. 
Figures  26,279  28  and  29  show  the  paths  on  the 
characteristic  carpets,  the  performance  during  an  acceleration 
and  a  deceleration,  and  the  variation  of  several  parameters 
with  fuel  flow.  Interesting  to  notice  in  the  transient  paths 
of  this  engine  is  the  movement  of  the  running  lines  of  the  L.  P. 
Compressor.  This  component's  trajectories  move  closer  to  surge 
during  a  deceleration  and  further  away  from  surge  during  an 
acceleration,  these  movements  of  the  running  lines  being  opposite 
to  those  of  the  H.  P.  Compressor. 
2.4.2  The  Bypass  Engine  With  Mixed  Exhausts 
This  is  another  of  the  real  engines  simulated.  This 61 
gas  turbine  is  very  widely  used  in  various  commercial  and 
military  versions.  It  consists  of  a  four  or  five  stage  L.  P. 
compressor  (depending  on  the  model)  which  delivers  approximately 
half  of  its  flow  to  a  bypass  duct,  the  other  half  is  absorbed 
by  a  twelve  stage  N.  P.  Compressor.  Both  compressors  are  driven 
by  two  stage  turbines.  The  hot  and  cold  streams  are  mixed  before 
being  exhausted  through  the  final  nozzle.  A  large  amount  of 
information  was  available  for  the  latest  model  of  this  engine. 
Test  bed  steady  running  performance  has  been  obtained  from  the 
manufacturers  and  is  used  to  compare  the  performance  of  the 
engine  with  that  predicted  by  the  programme.  In  addition, 
information  of  many  structural  details  was  available.  Knowledge 
of  these  details  enabled  the  inclusion  of  heat  transfer  effects. 
The  investigation  of  these  effects  on  the  predicted  performance 
is  described  in  the  last  three  chapters  of  this  work. 
The  convergence  procedure  for  this  engine  consists  of 
the  continuous  modification  of  the  pressure  ratios  of  both 
compressors  to  satisfy  the  requirements  of  the  turbines,  the 
mixing  process  and  the  final  nozzle. 
Figures  30  and  31  show  trajectories  on  the  characteristics 
for  the  most  recent  version  of  these  engines,  and  in  figures 
32  and  33,  several  other  parameters  are  shown.  These  results 
are  discussed  in  more  detail  in  Chapter  V,  where  comparisons  are 
made  between  the  adiabatic  model  and  the  non-adiabatic  model 
which  is  described  in  Chapters  III  and  IV.  However  it  is 
necessary  to  mention  that  both  compressors  of  this  engine  behave 
in  a  similar  way,  their  trajectories  move  nearer  to  surge  during 
an  acceleration,  and  away  from  surge  during  decelerations. 
This  behaviour  is  the  opposite  of  that  observed  in  the  two-spool 
turbojet. 62 
The  agreement  between  the  predicted  and  the  test  bed 
steady  state  performance  is  good  because  some  small  adjustments 
have  been  made  to  the  characteristics  to  account  for  inter- 
component  effects.  These  adjustments  consisted  of  scaling  the 
characteristics  with  factors  recommended  by  the  manufacturers. 
In  addition,  an  additional  scaling  factor  of  1.02  was  introduced 
in  the  H.  P.  Turbine  mass  flow  characteristics  to  produce  a 
satisfactory  agreement.  Agreement  of  fuel  flow  when  compared 
to  other  engine  parameters,  such  as  rotational  speed,  engine 
pressure  ratio,  turbine  temperatures  etc.  was  also  satisfactory 
after  these  modifications  were  introduced. 
2.4.3  The  Bypass  Engine  With  Separate  Exhausts 
This  type  of  engine  is  also  very  common  today,  so  it 
is  considered  essential  to  include  it  in  the  modelling  capability 
of  the  programme.  The  characteristics  are  exactly  the  same  as 
those  of  the  engine  analysed  in  section  2.4.2.  Only  the  exhaust 
arrangement  was  modified  so  the  hot  and  cold  streams  would 
emerge  from  separate  nozzles.  This  engine  was  also  analysed 
with  heat  transfer  effects  in  Chapter  V.  The  component 
dimensions  and  other  parameters  are  taken  to  be  the  same  as 
those  of  the  engine  with  mixed  exhausts.  The  purpose  of  this 
investigation  was  to  determine  if  the  heat  transfer  effects 
produce  different  modifications  in  engines  of  various  con- 
figurations. 
Transient  paths  and  various  parameters  for  this  engine 
are  shown  in  figures  34,35,36  and  37.  The  paths  on  the 
compressors  of  this  engine  are  similar  to  those  of  the  two- 
spool  turbojet,  although  the  movements  of  the  L.  P.  Compressor 
are  significantly  smaller. 63 
There  is  a  small  difference  in  the  steady  state 
performance  between  this  engine  and  the  engine  with  mixed 
exhausts.  The  observed  thrust  of  this  engine  is  slightly 
lower  because  the  two  streams  emerge  through  separate  nozzles. 
If  the,  two  bypass  engines  are  compared  to  the  turbojet,  important 
gains  in  thrust  are  'observed  for  the  same  fuel  flows.  This 
confirms  the  theoretical  advantage  of  bypass  engines  over  turbo- 
jets. 
2.4.4  The  Two-Spoal  Turbofan  With  Mixed  Exhausts 
This  type  of  engine  and  the  one  described  in  the  next 
section  have  been  developed  to  improve  the  performance  of  a 
two-spool  engine  without  going  to  the  more  complex  three-spool 
configuration.  Abundant  data  was  available  for  this  engine 
configuration,  but  not  many  structural  details.  This  engine  is 
in  the  early  stages  of  its  development,  and  is  a  derivative 
of  the  engine  of  section  2.4.2.  The  N.  P.  Shaft  components  of 
this  engine  are  used  without  modifications.  The  L.  P.  Shaft 
consists  of  a  single  stage  fan  delivering  a  high  fraction  of 
its  flow  into  the  bypass  duct,  and  a  three  stage  I.  P.  Compressor. 
This  assembly  is  driven  by  a  three  stage  turbine.  Both  streams 
are  mixed  before  being  exhausted  into  the  atmosphere. 
For  this  type  of  engine  two  possible  methods  of 
presentation  of  characteristics  are  possible.  The  fan  can  be 
analysed  as  one  compressor  with  one  set  of  characteristics, 
or  two  sets  of  characteristics  can  be  provided:  one  for  the 
core  section  and  one  for  the  outer  annulus.  For  engines  of 
large  bypass  ratio  the  latter  approach  should  be  used,  because 
of  the  large  diameter  of  the  fans,  the  varying  blade  angles 
along  the  blade  height  and  the  suction  effect  of  the  core 64 
annulus  result  in  non-uniform  flow.  The  engine  under  con- 
sideration  has  very  flat  characteristics  for  the  core  section 
of  the  fan.  This  means  that  the  converging  process  has  to 
start  by  using  the  compressor  mass  flow  rather  than  the  pressure 
ratio.  The  remainder  of  the  procedure  is  basically  similar  to 
that  of  the  two-spool  bypass  engine  with  mixed  exhausts. 
Figs.  38,39,40  and  41  show  the  paths  on  the  charac- 
teristic.  carpets.  These  illustrations  also  show  how  flat  are 
some  of  the  curves  of  fan  characteristics.  The  performance  of 
this  engine  is  shown  in  Figs  42  and  43.  The  agreement  of 
steady  running  performance  between  the  manufacturer's  predictions 
and  the  predicted  results  of  the  present  programme  is  reasonable. 
No  refinements,  such  as  scaling  factors,  'were  introduced  to 
make  the  agreement  more.  exact,  as  the  aim  was  simply  to 
illustrate  how  the  model  would  analyse  an  engine  in  a  first 
attempt. 
Figs.  44,45,46,47  and  48  show  the  performance  of 
an  engine  of  a  similar  configuration,  but  with  the  fan  analysed 
as  a  single  component.  The  mass  flow  characteristics  of  the 
fan's  outer  annulus  were  scaled  up  by  a  factor  of  1.3  to 
produce  similar  mass  flows  to  those  obtained  when  the  fan 
characteristics  were  fed  for  the  inner  and  outer  annulus.  If 
the  steady  state  performance  of  these  engines  is  compared,  it 
can  be  observed  that  the  predictions  of  both  methods  show  a 
close  agreement.  A  slightly  better  thrust  is  predicted  for 
the  two-component-fan  analysis.  However  the  predicted  steady 
state  running  line  of  the  H.  P.  Compressor  is  slightly  nearer 
to  the  surge  line  in  the  single-component-fan  analysis.  An 
interesting  apparent  difference  is  observed  when  comparing 
the  transient  responses  obtained  with  the  alternative  models 65 
for  the  fan.  Although  the  same  fuel  schedule  was  used  in  both 
cases,  and  the  paths  in  the  I.  P.  Compressor  and  the  H.  P. 
Compressor  are  of  similar  shape,  the  single  fan  analysis 
predicted  an  acceleration  which  is  faster  by  one  second.  A 
similar  but  reduced  effect  has  been  observed  for  the  decelet- 
ation.  These  effects  are  probably  due  to  the  incorrect  scaling 
of  the  fan.  The  scaling  factor  of  the  single  fan  analysis  had 
been  introduced  to  produce  similar  engine  mass  flows. 
If  the  trajectories  of  the  two  core  compressors  are 
compared,  it  can  be  observed  that  the  engine  with  the  fan  analysed 
as  a  single  component  exhibits  smaller  departures  from  the  steady 
running  lines,,  despite  experiencing  the  faster  transients. 
This  effect  is  mare  evident  in  the  I.  P.  Compressor  characteristic 
maps,  less  so  in  the  characteristics  of  the  H.  P.  Compressor. 
Both  types  of  analysis  predict  that  in  this  engine,  the  move- 
ments.  of  the  transient  running  lines  an  the  compressor  maps  of 
the  I.  P.  and  the  H.  P.  Compressors  are  in  opposite  directions 
during  the  transients.  The  H.  P.  Compressor  running  line  moves 
nearer  to  surge  in  an  acceleration,  while  the  I.  P.  line  does 
so  during  a  deceleration. 
2.4.5  The  Two-Spool  Turbofan  With  Separate  Exhausts 
It  is  desirable  to  be  able  to  analyse  the  engine  with 
separate  exhausts  because  several  engines  of  this  configuration 
are  currently  in  service.  The  component  characteristics  of 
the  engine  described  in  the  previous  section  were  used  unchanged 
for  the  analysis  of  this  type  of  engine.  This  engine  was 
analysed  in  two  ways,  as  the  turbofan  of  the  previous  section, 
one  treating  the  fan  as  an  inner  and  an  outer  component,  and 
the  other  analysing  the  fan  as  a  single  L.  P.  Compressor.  The 66 
transient  performance  of  the  first  arrangement  is  shown  in 
Figs.  49,50,51,52,53  and  54,  the  behaviour  of  the  second 
arrangement  in  the  next  five  figures,  55  to  59.  The  fuel 
schedule  used  is  the  same  as  that  for  the  two-spool  turbofan 
with  mixed  exhausts.  The  running  line  movements  of  this  engine 
follow  closely  the  pattern  predicted  for  the  previous  engine, 
although  in  this  case  the  single-component-fan  analysis  shows 
a  better  agreement  with  the  results  of  the  alternative  analysis. 
In  this  case  the  difference  between  the  acceleration  times  is 
very  small,  but  still  the  engine  with  the  fan  analysed  as-a 
single  component  accelerates  slightly  faster.  The  paths  on  the 
compressor  characteristics  show  that  this  engine  would  experience 
surge  with  these  fuel  schedules  in  the  I.  P.  Compressor  during 
a-  deceleration  and  in  the  H.  P.  Compressor  during  an  acceleration. 
The  paths.  of  the  two-component-fan  analysis  in  the  I.  P.  Compressor 
exhibit  larger  departures  from  the  steady  running  values  than 
those  of  the  alternative  analysis.  The  paths  on  the  H.  P. 
Compressor  characteristics  are  essentially  the  same.  In  the 
analysis  of  both  this  engine  and  the  turbofan  with  mixed  exhausts. 
very  noticeable  is  the  excursion  of  the  H.  P.  Compressor  to  the 
high  speed  end  of  the  performance  map  during  an  acceleration. 
This  is,  caused  by  the  low  inertia  of  the  H.  P.  Shaft  which  has 
an  inertia  a  quarter  that  of  the  L.  P.  Shaft.  When  accelerating 
the  high  inertia  L.  P.  Shaft  tends  to  lag,  and  the  H.  P.  Shaft 
tends  to  overspeed.  The  speed  overshoot  in  this  particular 
transient  is  not  as  large  as  the  path  on  the  compressor 
characteristic-maps,  which  are  illustrated  in  Figs.  41,46,52 
would  indicate.  The  slower  than  normal  speed  of  the  L.  P.  Shaft 
will  result  in  lower  delivery  pressures  and  thus  lower  delivery 
temperatures  to  the  H.  P.  Compressor,  which  in  turn  produce  a 67 
larger  increase  of  the  non-dimensional  speed  than  due  to  the 
rotational  speed  alone. 
The  same  comments  made  for  the  engine  of  the  previous 
section  apply  for  this  turbofan.  Only  small  discrepancies  can 
be  observed  between  the  predicted  performance  when  using  the 
two.  different  methods  of  analysing  the  fan.  Naturally  great 
care  must  be  taken  when  condensing  the  two  sets  of  character- 
istics  into  one.  This  is  better  accomplished  directly,  either 
from  rig  tests  or  from  detailed  analysis  of  the  blade  geometry. 
The  simple  method  chosen  to  condense  these  characteristics  is 
adequate  for  the  required  simulation  of  an  imaginary  engine. 
2.5  THREE-SPOOL  ENGINES 
The  same  problem  that  gave  rise  to  the  design  of  the 
two-spool  engine,  became  apparent  when  pressure  ratios  of  over 
twenty  were  to  be  attained  to  obtain  better  efficiencies.  The 
solution  to  this  problem  was  to  add  a  third  shaft  to  the  gas 
turbine  engine.  This  type  of  engine  is  now  established  in  both 
commercial  and  military  applications.  All  current  engines  of 
this  kind  are  of  the  bypass  configuration,  either  with  mixed 
or  with  separate  exhausts. 
No  engine  with  more  shafts  is  envisaged.  The  reason 
for  this  is  the  increasing  mechanical  complexity  that  each 
shaft  has  brought  about.  From  the  aerodynamic  point  of  view 
the  performance  of  the  engine  will  improve  with  increased  number 
of  shafts  because  the  different  stages  operate  nearer  their 
optimum  points.  No  three-spool  engine  with  split  compressors 
is  in  operation  or  envisaged.  If  a  more  complex  configuration 
is  required,  the  next  development  of  a  three-spool  engine  would 68 
be  an  engine  with  split  compressors,  and  possibly  two  bypass 
streams,  one  emerging  through  a  cold  nozzle,  and  another  through 
a  mixer 
2.5.1  The  Three-Spool  Turbojet 
No  engine  of  this  type  is  currently  in  service  or 
envisaged.  However  it  is  worthwhile  modelling  it  as  a  theoret- 
ical  exercise.  The  characteristics  for  this  engine  were  obtained 
by  modifying  the  characteristics  of  the  three-spool  engine  with 
separate  exhausts.  In  Figs.  60,61  and  62  steady  state  and 
transient  paths  on  the  compressor  maps  are  illustrated.  The 
L.  P.  Compressor  transient  running  line  movements  of  this  engine 
are  in  the  opposite  direction  to  those  of  the  H.  P.  Compressor. 
The  I.  P.  Compressor  line  movements  do  not  follow  a  set  pattern 
because  these  components  have  to  behave  in  such  a  way  as  to 
satisfy  the  requirements  of  the  other  two  compressors.  The 
awkward  shapes  of  the  artificially  generated  characteristics 
are  evident  in  this  engine  and  the  other  two  described  in  this 
section.  However  their  shapes  do  not  detract  from  the  merit 
of  the  programme  of  having  the  modelling  capability  for  these 
configurations.  If  the  performance  of  this  engine  is  studied, 
(Figs.  -63  and  64)  it  is  seen  that  the  specific  fuel  consumption 
of  this  engine  is  very  high  partly  because  of  the  way  the 
characteristics  were  modified  to  obtain  reasonable  paths  on  the 
performance  maps  and'partly  because  of  the  high  jet  velocity 
inherent  in  a  turbojet  engine.  No  attention  was  devoted  to 
these  details  once  the  modelling  capability  of  this  configuration 
was  established. 69 
2.5.2  The  Three-Spool  Turbofan  With  Separate  Exhausts 
This  engine  is  used  by  many  commercial  operators. 
It  is  a  high  bypass  ratio  engine  which  went  into  service  in 
the  early  seventies.  No  component  characteristics  of  this  engine 
were  available  so  a  set  had  to  be  generated.  The  manufacturers 
had  provided  comprehensive  data  for  three  steady  state  points, 
and  for  the  idle  condition.  From  this  information  fictitious 
characteristics  were  generated,  which  although  inaccurate, 
enable  the  performance  prediction  of  an  engine  of  this  type. 
The  fan  of  this  engine  was  treated  as  a  single  component,  rather 
than  as  an  inner  and  outer  fan  as  was  the  case  of  the  two-spool 
turbofans.  This  engine,  if  so-  desired,  can  be  modelled  with 
two  sets  of  component  characteristics  for  the  fan.  For  an 
engine  with  such  a  high  bypass  ratio,  this  would  be  the  correct 
approach. 
The  predicted  performance  of  the  three-spool  turbofan 
with  separate  exhausts  is  illustrated  in  Figs.  65  and  69.  No 
comparison  is  attempted  with  the  engine  of  section  2.5.1  because 
of  the  simple  way  in  which  the  characteristics  had  been  obtained 
for  that  turbojet.  The  fan  running  line  of  this  engine  moves 
only  very  slightly  during  the  transients,  while  the  I.  P.  and 
H.  P.  Compressors  both  move  towards  surge  in  an  acceleration 
and  vice-versa  in  a  deceleration. 
2.5.3  The  Three-Spool  Turbofan  With  Mixed  Exhausts 
This  engine  type  has  both  military  and  commercial 
applications.  The  commercial  version  is  a  development  of  the 
engine  with  separate  exhausts  and  it  is  a  high  bypass  ratio 
configuration.  The  military  application  is  a  medium  bypass 
ratio  gas  turbine.  The  results  of  the  analysis  of  the  high 70 
bypass  ratio  engine  are  shown  in  Figs.  70  to  74.  The  predicted 
behaviour  is  very  similar  to  that  of  the  engine  with  separate 
exhausts.  The  movements  of  the  fan  running  line  are  very  small, 
but  if  they  are  closely  observed  it  can  be  noticed  that  they 
are  in  the  same  direction  as  those  of  the  I.  P.  ,  and  H.  P. 
Compressor  movements.  This  influence  of  the  exhaust  system  on 
the  transient  running  lines  is  the  same  as  had  been  in  the  two- 
spool  bypass  engines. 
The  two  three-spool  turbofans  of  high  bypass  ratio 
analysed  operate  with  the  I.  P.  Turbine  unchoked.  When  the 
performance  of  this  engine  was  simulated  using  the  simple  set 
of  characteristics  generated,  this  phenomenon  was  predicted. 
This  would  indicate  that  the  characteristics  generated,  although 
inaccurate  were  reasonably  realistic. 
All  the  turbofan  engines  analysed  are  of  the  frontal 
fan  arrangement.  With  this  programme  it  is  possible  to  simulate 
an  aft  fan  configuration  by  careful  choice  of  the  control 
variables  defining  the  engine  geometry.  The  paths  on  the 
component  performance  maps  would  be  similar  to  those  shown  for 
the  front  fan  engines.  The  aft  fan  could  be  mounted  on  any  of 
the  shafts  or  could  be  an  additional  shaft  with  its  own  power 
turbine.. 
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CHAPTER  III 
CALCULATION  OF  CLEARANCE  EFFECTS.  IN  TRANSIENTS 
2.1  INTRODUCTION 
In  the  previous  chapter  a  method  that  enables  the 
prediction  of  gas  turbine  performance  has  been  described.  As 
it  stands  the  method  is  suitable  for  the  calculation  of  the 
steady  state  performance.  For  the  transient  performance  there 
are  some  other  effects  to  be  taken  into  account.  Neglecting 
these  effects  will  result  in  important  discrepancies  between 
the  programme  results  and  test  bed  data  (Ref.  88).  Typically 
the  time  required  to  accomplish  an  acceleration  will  be  under- 
predicted  by  twenty  or  thirty  percent.  These  discrepancies 
between  experimental  and  predicted  performance  during  transients 
has  been  attributed  in  the  past  to  the  following  reasons: 
1)  Heat  being  exchanged  between  the  engine  metals  and 
. 
working  fluid. 
2)  Modifications  in  the  steady  state  component 
characteristics,  mainly  in  the  compressors,  due 
to  the  aforementioned  heat  exchanges. 
3)  Incorrect  blade  tip  clearances  resulting  from  the 
differential  expansions  of  the  components  produce 
changes  in  efficiencies. 72 
4)  Incorrect  seal  clearances  result  in  incorrect 
mass  flows. 
The  direct  heat  transfer  effects  1  and  2  are  discussed 
in  the  next  chapter.  The  present  chapter  describes  a  study  of 
tip  clearance  and  seal  clearance  effects. 
Gas  turbines  are  subjected  to  varying  thermal  and 
mechanical  loading  which  produce  small  changes  in  the  dimension 
of  the  various  components  of  the  engine  in  both  the  radial  and 
the  axial  direction.  These  changes  of  dimension  occur  during 
transient  operation.  They  result  in  relative  movements  between 
rotating  and  stationary  compnents,  thus  causing  varying  tip 
clearances  and  off-design  mass  flows.  In  the  present  work  only 
radial  clearances  have  been  treated.  The  N.  P.  Compressor  of  a 
typical  two-spool  bypass  engine  has  been  selected  to  demonstrate 
how  the  representation  of  a  multi-stage  turbomachine  can  be 
simplified,  still  retaining  reasonable  accuracy.  In  this 
chapter  a  model  for  the  calculation  of  blade  tip  and  seal 
clearances  is  proposed,  and  a  simplified  version  of  this  model 
is  included  in  the  engine  performance  programme.  All  the 
necessary  information  was  available  for  --.  his  engine,  hence 
it's  selection  to  illustrate  how  the  predicted  performance 
is  affected  by  allowing  for  these  transient  phenomena. 
Investigations  have  been  carried  out  in  predicting 
the  actual  clearance  movements  of  blade  tips  and  seals  (Refs. 
49  and  52)  and  extensive  studies  have  been  carried  out  by 
Lakshminarayana  on  the  flow  and  losses  occurring  in  these 
regions  (e.  g.  Refs.  46  and  72).  Unfortunately  no  work  in 
which  an  attempt  to  link  these  two  aspects  of  performance 
has  been  encountered,  other  than  commercially  classified 
information  based  on  experimental  results.  The  experimental 73 
verification  of  blade  tip  clearances  is  very  difficult  during 
the  transient  phase.  Therefore  much  weight  should  be  placed 
on  the  theoretical  investigation  of  these  effects. 
3.2  THERMAL  EFFECTS 
During  transients  the  components  of  an  engine  expand 
at  different  rates  because  some  sections  absorb  heat  faster 
than  others.  It  has  been  found  that  a  convenient  subdivision 
of  a  disc  is  possible.  For  this  purpose  the  finite  element 
programme  for  transient  heat  conduction  of  Ref.  63  was 
modified  fo  analyse  the  thermal  response  of  the  disc  compo- 
nents  of  a  rotor.  This  work  indicated  that  the  complex  shape 
of  the  disc  can  be  broken  down  into  three  components:  a  thick 
hub  portion,  a  thin  diaphragm,  and  an  outer  section  or  rim 
(Fig.  75).  The  different  patterns  of  expansion  arise  from 
the  different  sbapes  of  the  sections  and  the  different  rates 
of  heat  transfer.  The  various  rates  of  heat  transfer  are  a 
consequence  of  the  different  flow  regimes  experienced  by 
each  section.  Some  faces  are  rotating  adjacent  to  stationary 
faces,  while  others  form  walls  of  what  are  effectively 
rotating  chambers.  For  rotating  faces  adjacent  to  stationary 
faces,  the  correlation  used  is  (Ref.  52) 
Nu  =  0.0253  Re 
0.8 
(3.1) 
For  rotating  faces  which  form  the  walls  of  rotating  chambers 
the  heat  transfer  mechanism  is  effectively  natural  convection 
in  a  high  gravity  field,  the  value  of  the  local  acceleration 
(gravitational)  being  a  function  of  both  the  local  radius 
and  the  rotational  speed.  The  correlation  is  (Ref.  5'_; 74 
Nu  =  0.12  GrPri  (3.2) 
For  heat  transfer  to  turbine  blades,  a  suitable  correlation  is 
that  given  by  Halls  (Ref.  32). 
Nu  =  0.235  Re 
0.64  (3.3) 
For  compressor  blades  one  approach  has  been  to  adopt  a  weighted 
average  between  laminar  and  turbulent  boundary  layers  developing 
on  flat  plates  (Ref.  52)  The  results  of  this  method  have  been 
found  to  be  within  five  percent  of  the  results  obtained  by 
applying  Halls'  turbine  correlation  to  the  compressor  blades. 
Therefore  for  convenience  in  the  present  work,  which  is  intended 
to  produce  a  model  applicable  to  both  compressor  and  turbine 
tip  movements,  Halls'  correlation  is  used  for  all  blades. 
It  is  common  practice  for  turbine  blades  to  be  cooled 
to  allow  gas  of  higher  temperature  to  flow  past  the  blades  to 
obtain  higher  efficiencies.  It  is  therefore,  desirable  to 
include  the  capability  of  simulating  this  feature  in  the  model. 
This  effect  has  been  analysed  in  a  very  simple  form.  The  cooling 
effectiveness  of  a  flow  is  defined  by  equation  (3.4) 
TCo  -  Tb 
T  T 
cg  c 
(3.4) 
Defining  the  effectiveness  of  the  cooling  flow  determines  the 
final  metal  temperature.  This  temperature  is  used  as  the 
temperature  producing  the  transfer  of  heat,  rather  than  the  fluid 
temperature.  When  this  effectiveness  is  zero,  the  temperature 
driving  the  transfer  of  heat  is  the  fluid  temperature,  this 
means  the  blade  is  not  cooled.  A  typical  value  used  for  this 75 
effectiveness  for  a  cooled  blade  is  0.6,  and  this  is  the  value 
that  has  been  adopted,  when  cooling  capability  simulation  was 
desired. 
The  casing  structure  of  the  H.  P.  Compressor  is 
subjected  to  internal  pressure  from  the  core  air  and  to  external 
pressure  from  the  bypass  air.  It  also  exchanges  heat  with 
these  two  air  flows.  In  order  to  estimate  the  heat  trensfer 
coefficient  at  the  internal  surface  of  the  casing,  one  approach 
is  to  regard  this  as  a  cylinder  in  which  a  smaller  cylin- 
drical  shape  is  rotating.  The  heat  transfer  coefficient  in 
this  case  is  given  by  the  correlation  (3.5)  of  Ref.  86.  This 
equation  is  shown  with  the  subscripts  of  the  locations 
corresponding  to  the  engine,  in  which  form  it  is  used  in 
the  present  programme. 
Nu  =  0.015(1+2.3( 
Dca+0h)(0ca)0.45Re0.8Pr0.33 
(3.5) 
Lh 
In  applying  the  above  equation  to  the  present  work,  the  linear 
dimension  L  used  was  the  axial  length  of  the  blade  pair,  it 
being  assumed  that  the  and  wall  boundary  layer  is  effectively 
restarted  at  each  blade  pair.  For  the  outer  surface  of  the 
casing',.  the  expression  for  a  developing  turbulent  boundary 
layer  on  a  flat  plate  was  used. 
Extensive  work  has  been  published  on  the  evaluation 
of  heat  transfer  coefficients  by  many  investigators,  so  there 
is  a  wide  choice  of  relevant  work  on  this  field.  Owen  for 
example  has  carried  out  important  work  on  the  evaluation  of 
heat  transfer  coefficients  applicable  to  turbomachinery  (e.  g. 
Refs.  34  and  68).  This  wide  choice  of  methods  required 
examination,  so  some  investigations  were  carried  out  on  the 76  - 
choice  and  magnitudes  of  the  heat  transfer  coefficients.  By 
introducing  modifying  factors  on  the  various  heat  transfer 
coefficients  it  was  established  that  the  system  is  not  very 
sensitive  to  small  alterations  of  the  coefficient.  The  changes 
in  linear  dimension  of  the  platforms,  blades  and  casings  are 
quite  insensitive.  This  is  due  to  their  larger  surface  area 
to  volume  ratios,  and  to  their  smaller  radial  dimension. 
The  large  blades  of  the  L.  P.  Compressor  which  are  very  long 
have  to  endure  milder  temperature  and  rotational  speed 
modifications.  Disc  hubs  and  diaphragms  on  the  other  hand 
are  more  sensitive,  in  particular  the  former,  but  this 
sensitivity  is  only  apparent  when  very  long  term  transients 
are  analysed.  For  the  purposes  of  the  analysis  of  the  speed 
transient,  and  the  medium  term  transients,  the  effect  is  not 
noticeable.  Some  investigations  were  also  carried  out  on  the 
choice  of  heat  transfer  coefficients  for  the  hub,  the  casing 
and  the  blades.  The  casing  expansion  has  been  found  (Refs. 
62,75)  to  occur  immediately  after  the  end  of  the  speed 
transient.  It  has  been  found  that  the  only  relevant  work 
that  gave  coefficients  high  enough  for  this  purpose  is  the 
work  of  Tachibana  and  rukui.  Since  the  coefficients  proposed 
in  their  work  gave  good  agreement  with  Ref.  75  their  method 
was  adopted  for  this  work.  As  far  as  the  blades  are  concerned 
both  methods  analysed  gave  equally  satisfactory  results.  The 
disc  hub  experiences  a  very  low  rate  of  heat  transfer,  when 
compared  to  the  other  components  of  the  disc.  A  correlation 
that  yields  a  coefficient  of  the  required  magnitude  is  that 
shown  in  equation  (3.2).  Another  approach  to  the  heat  transfer 
occurring  in  the  hub  is  to  use  the  correlation  obtained  by  Owen 
and  Onur  (Re`.  68)  shown  in  expression  (3.6). 77 
Nu  =  0.267  Gr0'286  (3.6) 
This  is  an  alternative  expression  for  natural  convection.  This 
expression  is  valid  for  Grashof  numbers  of  up  to  1.3  1012,  in 
practice  with  this  engine,  the  Grashof  number  is  approximately 
10.  For  this  value  of  Grashof  number,  the  Nusselt  number 
14 
obtained  with  this  equation  is  about  forty  percent  lower  than 
that  obtained  with  equation  (3.2).  When  used  for  the  intended 
Grashof  number  of  1012,  the  discrepancy  is  reduced  to  about 
fifteen  percent.  The  compared  clearance  paths  do  not  show  a 
large  difference  when  changing  from  one  method  to  the  other. 
However  equation  (3.2)  was  preferred  because  of  a  slightly 
better  agreement  with  alternative  analyses  of  clearances  of  a 
three-spool  engine  (Ref.  75). 
3.3  MECHANICAL  EFFECTS 
When  a  gas  turbine  changes  state,  the  modified  rota- 
tional  speed  results  in  changes  of  the  stresses  experienced 
by  the  components.  These  mechanical  effects  cause  centrifugal 
growth  due  to  changes  in  the  angular  velocity  of  the  rotor, 
changes  in  the  'pull'  of  the  blades  on  the  disc  resulting  from 
the  alteration  in  angular  velocity  and  changes  in  pressure 
difference  across  the  section. 
For  the  calculation  of  mechanical  effects  the  same 
subdivision  of  the  rotor  was  used  as  for  the  calculation  of 
thermal  effects. 
Each  disc  is  assumed  to  be  represented  by  the  same 
three  rings  used  for  the  thermal  model.  To  make  the  overall 
growth  line  up  with  the  growth  calculated  by  7eans  of  finite 78 
elements  a  multiplying  factor  of  1.3  was  introduced. 
Disc  distortion  in  the  tangential  direction  during 
a  transient  was  calculated,  and  the  resulting  radial  movement 
was  found  to  be  negligible.  So  no  account  is  taken  of  this 
effect. 
The  combined  thermal  and  mechanical  effects  result 
in  a  change  in  dimensions  in  each  of  the  three  rings.  Once 
these  movements  are  calculated,  they  are  combined  ensuring 
continuity  of  radial  dimensions  at  the  interfaces.  Thus  the 
overall  changes  in  disc  dimension  are  calculated. 
The  blades  are  assumed  to  be  rods  of  uniform  cross. 
sectional  area  with  or  without  a  shroud  at  the  blade  tip.  By 
means  of  integral  calculus  blade  elongations  can  be  calculated 
as  a  function  of  geometry,  material  properties  and  rotational 
speed.  The  elongations  obtained  using  this  procedure  were  in 
good  agreement  with  those  obtained  using  the  finite  element 
methods  of  Ref.  84. 
With  regard  to  the  casing,  the  only  relevant 
mechanical  loading  considered  is  the  pressure  change  during 
the  transient  and  it's  effect  is  found  to  be  very  small,  about 
one  percent  of  the  total  movement  of  the  rotor  due  to  mechanical 
effects.  ' 
3.4  BLADE  TIP  CLEARANCE  MOVEMENTS 
Once  all  the  effects  on  the  dimension  of  the  rotor 
stage  or  component  are  calculated,  they  are  added  to  obtain 
the  resulting  change  in  the  clearance. 
All  material,  gas  and  air  properties  are  calculated 
as  functions  of  the  temperature  of  the  metal  or  fluid.  In 79 
the  prediction  procedure  it  is  of  course  possible  to  change 
the  materials  in  any  section  very  easily.  In  Fig.  76  the 
predictions  of  blade  tip  clearances  obtained  with  the  present 
model  are  compared  to  clearance  predicted  by  the  manufacturer 
of  the  three-spool  engine  first  investigated.  The  results  are 
tested  with  this  engine  because  some  structural  information 
was  available  and  also  the  predictions  with  alternative  methods, 
The  clearances  are  shown  normalised  with  the  steady  state 
clearance  because  of  commercial  security  considerations.  The 
results  shown  are  for  two  stages  of  the  H.  P.  Compressor  during 
an  acceleration  and  for  one  stage  during  a  deceleration. 
The  methods  described  in  the  preceding  sections  have 
been  used  to  predict  the  tip  clearance  movements  during  and 
following  an  acceleration  for  each  of  the  twelve  stages  of  a 
two-spool  bypass  engine  H.  P.  Compressor.  The  engine  was 
stationary,  at  sea  level  and  the  speed  transient  was  completed 
in  four  seconds  (as  compared  to  six  seconds  in  Ref.  73).  The 
predicted  results  for  stages  1,6,  and  11  are  shown  in  Fig.  77. 
Looking  at  the  clearance  paths  at  the  beginning  of  the  transient 
there  is  a  sharp  decrease  in  tip  clearance  due  to  mechanical 
effects  and  the  fast  thermal  response  of  the  blades.  The  thermal 
growth  of  the  casing  is  slower  than  that  of  the  blades.  Much  of 
this  takes  place  after  the  speed  transient  is  completed,  produ- 
cing  the  increased  tip  clearances  observed  soon  after  the  end  of 
the  said  transient.  The  disc  has  the  slowest  response  and  the 
final  slow  decrease  in  tip  clearance  is  due  to  the  slow  expansion 
of  the  disc,  which  can  take  over  five  minutes.  It  is  interesting 
to  notice  that  for  stage  I  the  clearance  at  the  end  of  the  thermal 
transient  is  smaller  than  that  at  the  end  of  the  speed  transient, 
for  stage  6  they  are  similar,  while  for  stage  11  the  opposite  to 80 
stage  1  is  the  case.  This  is  due  to  the  effect  of  the  air  inside 
the  shaft.  In  this  engine  the  cooling  air  is  drawn  from  between 
the  fifth  and  sixth  stages  of  the  H.  P.  Compressor.  Therefore  the 
air  inside  the  shaft  is  hotter  than  the  core  air  for  stage  1. 
The  two  air  streams  have  similar  temperatures  at  stage  6  and  the 
core  air  is  hotter  than  the  shaft  cooling  air  at  stage  11.  The 
cooling  air  dominates  the  expansion  of  the  disc,  whereas  the  core 
air  dominates  the  expansion  of  the  blades  and  the  casing.  This 
explains  the  different  end  points  of  the  clearance  paths  as 
compared  to  the  clearance  at  the  end  of  the  speed  transient. 
To  indicate  the  relative  rates  of  thermal  response.  of 
the  various  sections,  the  time  constants  for  the  major  components 
of  stage  five  are  shown  in  tables  1  and  2  -at  three  instants 
during  an  acceleration  and  three  instants  during  a  deceleration. 
The  heat  transfer  coefficient  is  the  only  parameter  affecting 
this  constant,  since  for  a  given  configuration,  the  geometry  is 
fixed  and  the  material  property  changes  due  to  variations  in 
temperature  are  small.  It  is  worth  noticing  that  the  changes  in 
the  time  constants  of  the  disc  hub  and  the  diaphragm  follow  a 
similar  pattern.  The  very  small  difference  in  the  pattern  of 
time  constant  variations  is  due  to  the  slightly  different  shapes 
of  these.  sections.  In  this  analysis,  the  diaphragm  consists  of 
two  surfaces  perpendicular  to  the  axis  of  rotation,  while  the 
hub  has  an  additional  surface  parallel  to  the  axis  of  rotation. 
The  latter  surface  affects  the  average  magnitude  of  the  heat 
transfer  coefficient  for  this  section.  Another  different  pattern 
`  can  be  observed  in  the  time  constants  for  the  disc  outer  section 
and,  the  blades.  This  is  a  result  of  the  two  sections  in  each 
case  being  subjected  to  the  same  fluid  flow.  When  analysing  the 
blades  and  the  disc  outer  section  it  was  found  that  although 81 
different  correlations  were  used  to  evaluate  the  heat  transfer 
coefficients,  these  were  of  similar  magnitudes.  This  explains 
the  similar  behaviour  of  the  two  sections.  The  casing  on  the 
other  hand  is  influenced  by  two  fluid  flows  and  so  it  exhibits 
a  pattern  peculiar  to  itself. 
Time  in  transient  2s  6s  los 
Disc  Hub 
Disc  Diaphragm 
Disc  Outer  Section 
Blades 
108s  66s  37s 
38s  17.  Bs  9.6s 
12.7s  9.  Os  5.5s 
2.3s  1.6s  1.0s 
Casing  10.4s  7.6s  4.8s 
Table  1.  Stage  5,  Two-Spool  engine  H.  P.  Compressor. 
Time  constants  during  an  acceleration  at  sea  level,  static 
Time  in  transient  3s  6s  10s 
Disc 
Disc 
Hub 
Diaphragm 
60s 
21s 
55$ 
20s 
62s 
23s 
Disc  Outer  Section  13.1s  15.  Os  26.  Os 
Blades  2.  Os  2.3s  3.5s 
Casing  6.1s  4.9s  12.  Ss 
Table  2.  Stage  5,  Two-Spool  engine  H.  P.  Compressor. 
Time  constants  during  a  deceleration  at  sea  level,  static 
3.5  SIMPLIFIED  METHOD  TO  BE  INCLUDED  IN  PROGRAMME 
IT  would  be  excessively  cumbersome  to  include  each 
individual  blade  row  of  each  compressor  and  turbine  into  the 
transient  programme  for  the  engine.  The  use  of  single 
'equivalent'  stages  instead  of  complete  components  would  be 82 
highly  desirable.  A  single  equivalent  stage  can  give  satis- 
factory  heat  transfer  rates  (Ref.  53).  A  single  equivalent 
stage  has  thereforibeen  developed  based  on  averaged  dimensions 
of  the  twelve  stages  and  using  averaged  properties  of  specific 
heat,  thermal  expansion  coefficient,  Youngs  modulus  and  material 
density  to  represent  tip  clearance  and  associated  efficiency 
changes.  The  following  simplifications  have  been  carried  out 
to  reduce  computer  storage  snd  running  times. 
The  subdivision  of  the  equivalent  disc  as  described 
in  section  3.2  is  retained  for  the  calculation  of  thermal 
effects.  As  in  the  previous  more  complex  model,  the  various 
rotor  sections  are  assumed  to  have  infinite  thermal  conductivity, 
material  properties  are  assumed  to  be  constant  throughout  the 
relevant  temperature  range,  although  air  and  gas  properties  are 
still  calculated  as  a  function  of  temperature.  The  process 
ensuring  the  continuity  of  the  radial  dimension  of  the  disc 
interfaces  is  eliminated.  Instead  an  average  disc  temperature 
is  calculated  by  using  equation  (3.7)  and  hence  the  thermal 
expansion  of  the  disc  is  obtained. 
ýVT 
T=  -ý--ý--  (3.7) 
mX  vi 
It  will  be  shown  later  that  this  approximation  provides  adequate 
accuracy.  The  method  of  calculating  the  thermal  growth  of  the 
blades  and  the  casing  of  the  previous  section  is  retained. 
The  centrifugal  growth  is  simplified  for  this  model  by 
calculating  the  expansion  of  a  disc  of  the  same  inner  and  outer 
radii  and  an  uniform  thickness  equal  to  the  minimum  diaphragm 
thickness.  For  such  a  system  the  hoop  and  radial  stresses  are 
given  by  the  Lame  equations  (Ref.  35). 83 
Cl-H  C8  + 
C2  (3.8) 
'r 
r=  C8 
c9  (3.9) 
R2 
r 
Where  C8  and  C9  are  constants  and  Rr  is  the  radius  for  which 
the  stresse  are  to  be  evaluated.  The  constants  C8  and  C9  are 
found  from  the  material  properties  of  the  system,  the  disc 
geometry  and  the  boundary  conditions  to  which  the  disc  is 
subjected.  Once  the  constants  are  evaluated,  the  strains  will 
be  related  to  the  stresses  by  equation  (3.10)  and  the  displace- 
ment  will  be  evaluated. 
d 
(3.10) 
The  expression  for  the  displacement  (3.11  and  3.12)  has  been 
localised  to  represent  the  displacement  occurring  at  the  outer 
rim  due  to  the  centrifugal  stresses.  Since  the  stresses  due 
to  rotation  are  much  larger  than  those  due  to  the  pressure  of 
the  fluid,  the  longitudinal  stresses  of  equation  (3.10)  will 
be  small  and  can  therefore  be  neglected.  To  check  the 
validity  of  these  assumptions,  growths  were  compared  to  those 
obtained  with  finite  element  analysis.  It  was  found  that  the 
introduction  of  the  same  factor  of  1.3  as  in  section  3.3  gave 
satisfactory  agreement.  The  resulting  expression  for  centri- 
fugal  growth  of  the  disc  is  given  next,  where  equation  (3.11) 
represents  the  expansion  due  to  the  attachment  of  external 
masses  to  the  disc  rim  (shrouded  or  unshrouded  blade).  Equation 
(3.12)  represents  the  growth  of  the  disc  due  to  centrifugal 
stresses  of  the  disc  itself, 84 
AR 
_ 
w2 
((Rh  +  Rbt)  Imb  +  2RhImsh)  Rh  +  Ri 
-V 
(3.11) 
d  Ed  41  1R 
hi 
2 
QRd  - 
Rh4Ew 
((1  -  \))R2  +  (3  +  V)R2)  (3.12) 
d. 
Once  the  deflection  due  to  each  one  of  this  causes  is  evaluated, 
they  are  added  to  obtain  the  total  disc  expansion.  In  section 
3.3  pressure  effects  were  found  to  be  very  small,  so  they  are 
ignored  in  this  simplified  analysis. 
The  centrifugal  growth  of  the  blades  is  calculated  as 
described  in  section  3.3.  Hence  equation  (3.13)  is  obtained 
from  integral  calculus.  The  first  term  inside  the  square 
brackets  represents  the  expansion  of  the  blades  due  to  the 
centrifugal  stresses.  The  second  term  represents  the  elongation 
due  to  the  mass  of  the  shroud. 
332- 
w2 
LPt( 
3bt 
+  6h  _ 
Rb2Rh 
+ 
Rbt(R 
b 
bt  Rh)  (3.13)  d  Hb  =  Eb 
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3.6  EFFICIENCY  LOSS 
The  most,  important  effect  of  non-design  blade  tip 
clearance  is  that  of  efficiency  changes  of  the  compressors  and 
turbines.  The  component  being  considered  is  simplified  to  a 
one  stage  equivalent  compressor  or  turbine  with  the  methods 
described  in  the  previous  sections.  The  tip  clearance  at  that 
condition  is  estimated  as  indicated  above  and  the  efficiency 
reduction  relative  to  zero  tip  clearance  is  obtained  from  the 
relation  (3.14)  from  Ref.  46. 
ail  = 
OOH  X* 
(1  +  10( 
>) 
)  (3.14) 
mm 85 
This  expression  has  given  good  agreement  with  experiments 
carried  out  by  several  investigators.  It  depends  directly 
on  the  clearance  and  the  blade  loading,  while  the  square  root 
term  accounts  for  losses  in  the  spanwise  motion  in  the  blade 
boundary  layer.  In  this  work  (Ref.  46)  it  is  quoted  that  a 
drop  of  two  percent  in  efficiency  can  occur  when  the  tip 
clearance  is  doubled. 
As  an  illustration,  the  efficiency  changes  in  the  H.  P. 
Compressor  of  the  two-spool  bypass  engine,  relative  to  zero 
tip  clearance,  have  been  calculated  during  a  sea  level 
acceleration  transient  using  the  simplified  procedure  outlined 
above.  The  results,  labelled  "simplified"  are  shown  in  Fig. 
78.  For  comparison,  the  predictions  of  the  single  equivalent 
stage  model  using  the  more  accurately  calculated  disc  expansion 
as  described  in  sections  3.3  and  3.4  are  shown  alongside,  marked 
"one  stage".  The  efficiency  changes  that  are  predicted  by 
treating  all  twelve  stages  individually  are  also  given,  labelled 
"engine"'.  It  can  be  seen  that  the  results  of  the  two  simplified 
methods  are  in  close  agreement  with  the  results  obtained  from 
the  stage  by  stage  analysis,  discrepancies  not  exceeding  0.5 
percent  of  efficiency.  The  "simplified"  procedure  has  there- 
fore  been  adopted  for  use  in  the  performance  prediction  programme 
because  it  is  a  satisfactory  representation  of  the  more  complex 
model. 
The  next  step  in  this  analysis  is  the  calculation  of 
the  efficiency  loss  compared  to  the  stabilised  value  of  clearance 
at  that  particular  speed  and  inlet  conditions,  Stabilised 
clearances  at  the  desired  conditions  are  evaluated  using  the 
same  methods  and  hence  stabilised  valuse  of  efficiency  loss  due 
to  clearance  openings  are  obtained.  The  difference  in  efficiency 86 
is  calculated  by  subtracting  the  stabilised  efficiency  loss 
from  the  treansient  efficiency  loss  and  the  efficiency  of  the 
component  obtained  from  the  characteristics  can  then  be 
modified  accordingly.  This  difference  is  shown  in  Fig.  78. 
In  this  particular  compressor,  the  efficiency  changes  are  very 
small. 
3.7  APPLICATIONS 
The  model  described  in  the  previous  sections  was 
developed  with  engine  performance  in  mind.  It  is  satisfactory 
for  the  purpose  for  which  it  is  intended  and  it  can  be  useful 
by  itself.  In  addition  to  efficiency  losses,  there  are  other 
considerations  which  may  be  of  interest  to  the  gas  turbine 
designer. 
3.7.1  Compressors 
The  performance  prediction  programme  was.  designed  to 
include  the  model  described.  The  H.  P.  Compressor  is  analysed 
as  a  single  stage  equivalent  compressor  and  by  means  of  the 
simplified  model  the  clearance  is  calculated  at  each  time  step 
both  i-n  the  transient  and  for  steady  running  at  that  non- 
dimensional  speed  and  pressure  ratio.  The  modification  of 
compressor  efficiency  is  then  used  when  calculating  the  next 
incremental  acceleration  in  the  transient.  A  similar  approach 
is  used  for  the  L.  P.  Compressor  of  this  engine.  This  compressor 
will  be  subjected  to  milder  ranges  of  temperature  and  rotational 
speed,  because  of  the  design  of  the  engine.  A  typical  example 
of  the  application  of  the  model  is  shown  in  Fig.  79.  In  this 
case,  the  cooling  arrangement  in  the  H.  P.  Compressor  of  a  three- 
spool  turbofan  has  been  modified  so  that  a  reduction  in  clearance 87 
will  occur,  without  changing  the  cold  built  clearance.  The 
resulting  reduction  in  clearance  will  increase  the  efficiency 
of  the  component  by  about  two  percent.  It  would  be  possible 
to  reduce  the  cold  built  clearance  to  obtain  the  same  result, 
but  this  approach  provides  another  choice  for  the  designer. 
This  work  was  carried  out  employing  the  more  complex  model  in 
which  the  continuity  at  radial  interfaces  is  ensured.  As 
described  in  section  3.5  the  simplified  method  was  included 
in  the  prediction  programme.  This  method  is  satisfactory  in 
that,  despite  the  simplifications  made,  it  predicts  movements 
which  are  very  similar  to  those  of  the  more  complex  method. 
This  agreement  is  illustrated  in  Fig.  80  where  the  clearances 
of  the  equivalent  single  stage  H.  P.  Compressor  of  the  two- 
spool  bypass  engine  with  mixed  exhausts  are  shown. 
3.7.2  Turbines 
Predicted  tip  clearances  of  the  H.  P.  Tturbine  during 
a  sea  level  acceleration  are  shown  in  Fig.  80.  The  models  for 
the  disc  and  blade  can  accommodate  both  shrouded  and  unshrouded 
blades.  In  the  former  case  the  centrifugal  expansions  are 
greater  due  to  the  weight  of  the  shroud.  Also  the  thermal  model 
for  th'e  blades  incorporates  the  cooling  arrangement.  In  Fig.  80 
two  blading  arrangements  are  considered.  In  one  of  these 
arrangements,  the  blades  are  unshrouded  and  uncooled  (labelled 
'simple'),  in  the  other,  the  blades  are  both  shrouded  and  cooled 
(labelled'S  &  C').  3oth  arrangements  atart  with  the  same  cold 
clearances.  In  this  case  the  additional  expansion  produced  by 
the  shroud  is  approximately  balanced  by  the  reduction  in  thermal 
expansion  that  results  from  cooling  the  blades.  In  the  real 
engine  the  blades  and  nozzle  guide  vanes  are  shrouded  and  the 88 
early  rows  are  cooled.  For'this  scheme  the  tip  clearance 
movements  are  determined  for  each  row.  These  movements  were 
transformed  into  efficiency  changes  using  the  correlation  of 
equation  (3.14)  with  the  suggested  modification  (Ref.  9)  of 
reducing  the  efficiency  changes  by  80  percent  for  shrouded 
nozzle  guide  vanes.  It  is  estimated  that  a  smaller  reduction, 
for  example'50  percent  should  be  applied  to  shrouded  rotor 
blades.  As  for  the  compressors,  the  efficiency  changes  are 
obtained  by  comparing  the  steady  state  value  of  the  clearance 
with  the  transient  value  and  the  efficiency  change  obtained  by 
comparing  the  efficiency  loss  of  each  case  compared  to  that.  at 
zero  clearance.  These  efficiency  changes  are  found  to  be  small, 
and  during  an  acceleration,  beneficial. 
Turbine  tip  clearances  are  a  very  important  factor  to 
be  studied.  The  sensitivity  of  the  engine  to  turbine  efficiency 
is  illustrated  in  Chapter  V  where  a  one  percent  reduction  in  H.  P. 
Turbine  efficiency  slows  down  the  acceleration  by  nearly  ten 
percent.  The  effect  of  clearances  on  turbine  efficiency  is  large 
due  to  their  high  blade  loading.  Turbines  are  also  very  sensitive 
to  axial  displacements  of  the  shaft.  These  axial  movements  are  a 
result  of  differential  thermal  expansions,  various  thrust  loadings, 
and  pressure  effects.  At  some  points  of  the  engine,  expansion 
joints  are  placed  to  accommodate  the  expansion  resulting  from  a 
wide  range  of  temperatures  on  a  given  cross  section,  such  as  the 
combustion  chamber.  As  opposed  to  seal  and  compressor  stages, 
large  density  changes  occur  in  the  turbine  in  a  small  axial 
distance.  This  is  reflected  in  the  high  taperin-  of  the  blade 
ti;  s  of  rotors  and  stators  and  of  the  end  walls.  This  tapering 
makes  the  clearances  very  sensitive  to  axial  movements  of  the 
rotor.  Axial  deflections  will  result  in  changes  in  the  tip 89 
clearances,  and  stepping  of  the  walls.  Compressor  stages  and 
seals  do  not  experience  these  large  fluid  density  changes,  so 
their  sides  and  end  walls  have  a  less  pronounced  tapering.  It 
must  be  mentioned  that  some  compressors  exist  in  which  the 
radius  of  both  endwalls  decreases  as  the  high  pressure  end  of 
the  compressor  is  approached.  This  design  can  be  very  sensitive 
to  axial  deflections. 
Neal  (Ref.  62),  examined  a  turbine  and  illustrated 
these  movements  in  both  radial  and  axial  directions.  The 
component  he  investigated  is  the  H.  P.  Turbine  of  a  three-spool 
engine.  This  particular  component  was  not  analysed  in  the 
present  work,  but  the  trends  observed  in  Neal's  analysis  have 
been  reproduced  with  the  present  model. 
3.7.3  Decelerations  of  Compressors  and  Turbines. 
In  a  deceleration,  the  opposite  processes  to  those 
occurring  in  an  acceleration  are  observed,  but  the  time  scale 
is  considerably  longer.  First  there  is  a  sudden  increase  in 
the  tip  clearance.  This  is  due  to  the  contraction  of  the  rotor 
components  resulting  from  the  reduced  centrifugal  stressing  of 
the  materials  and  from  the  very  fast  thermal  response  of  the 
blades.  ',  Soon  after  the  end  of  the  speed  transient,  the  clearance 
starts  closing  when  the  comparatively  fast  thermal  contraction 
of  the  casing  occurs.  Following  this  reduction  in  clearance  there 
is  a  slow  increase  in  the  tip  clearance  due  to  the  slower  response 
of  the  disc.  During  a  deceleration  the  engine  reaches  the 
equilibrium  condition  after  a  longer  period  of  time  because  the 
'heat  soak'  period  is  considerably  lengthened  by  the  reduced 
mass  flows  and  rotational  speeds.  These  reduced  speeds  and  mass 
flows  result  in  much  lower  values  of  the  heat  transfer  coefficient. 90 
All  the  components  were  studied  in  both  accelerations  and 
decelerations,  and  no  rubs  were  predicted.  The  prediction 
of  undesirable  clearance  openings  is  another  possible 
application  of  the  model  developed.  If  a  rub  is  predicted 
with  this  simple  method,  the  user  realises  that  this  fact 
is  possible  with  a  given  design.  A  more  detailed  analysis 
of  the  component  would  then  be  required  to  establish  if  any 
modifications  of  the  design  would  be  necessary. 
3.8  ESTIMATION  OF  SEAL  CLEARANCE  MOVEMENTS 
The  methods  and  model  used  for  tip  clearance  can  be 
adapted  for  making  estimates  of  seal  clearance  movements  during 
transients.  The  clearance  of  a  seal  controls  the  amount  of 
fluid  leaking  through  it.  These  seals  are  placed  at  several 
positions  of  the  engine  to  allow  controlled  amounts  of  air  to 
reach  and  cool  the  hot  section  of  the  engine.  It  is  the 
clearance  of  these  seals  that  controls  the  flow  escaping  from 
the  core,  and  if  this  clearance  is  not  as  designed  the  incorrect 
amount  of  flow  will  escape  from  the  core.  If  this  amount  is  too 
large,  the  gas  turbine  will  experience  a  deterioration  in 
performance,  if  too  small,  the  hottest  parts  of  the  engine,  in 
particular  the  turbine  blades,  are  endangered.  This  section 
describes  a  simple  investigation  to  gain  some  insight  into 
these  effects.  In  the  two-spool  bypass  engine  two  important 
seals  are  the  H.  P.  Compressor  12th  stage  outer  seal  and  the 
H.  P.  cooling  air  seal  on  the  H.  P.  1  Turbine  disc. 91 
3.8.1  H.  P.  Compressor  12th  Stage  Outer  Seal 
This  seal  is  placed  on  a  small  disc  of  its  own  at  the 
upstream  end  of  the  H.  P.  Compressor,  controlling  the  flow  that 
is  bled  to  the  bypass  duct  from  the  H.  P.  Compressor  delivery. 
It's  movements  have  been  studied  previously  by  Lim  (Ref.  49) 
using  finite  difference  methods.  The  predictions  of  Lim  and 
of  the  present  method  are  compared  in  Fig.  81.  The  agreement 
is  sufficiently  close  to  allow  the  present  models  to  be  used 
for  seal  clearance  predictions  during  transients.  It  is  seen 
that  during  most  of  the  acceleration  speed  transient,  the 
clearances  of  this  seal  exceed  the  maximum  speed  stabilised 
values  by  more  than  30  percent. 
3.8.2  H.  P.  Cooling  Air  Seal  on  H.  P.  1  Turbine  disc 
This  seal  is  mounted  on  the  H.  P.  1  Turbine  disc.  It 
controls  approximately  one  quarter  of  the  flow  bled  from  the 
N.  F.  Compressor  delivery  for  the  purpose  of  cooling  the  H.  P. 
Turbine  discs  of  the  two-spool  bypass  engine.  The  movements 
of  this  seal  have  been  studied  previously  by  finite  difference 
methods  (Ref.  52).  The  seal  clearances  during  the  acceleration 
speed  transient  exceed  the  maximum  speed  stabilised  clearance 
by  about  100  percent.  The  results  of  Ref.  52  are  compared  to 
the  present  methods  in  Fig.  81.  The  agreement  is  regarded  as 
satisfactory. 
3.8.3  Seal  Clearance  Effects  in  Transients 
In  the  early  programmes  for  predicting  the  acceleration 
or  deceleration  rates  of  gas  turbines  it  would  probably  be 
assumed  that  cooling  and  bleed  air  flows  remained  a  ccnstant 
fraction  of  the  core  air  flow  during  the  transient.  However 92 
it  has  been  illustrated  that  seal  clearances-during  the  speed 
transient  can  be  very  much  higher  than  the  maximum  speed 
design  clearances.  Consequently  these  cooling  and  bleed  flows 
expressed  as  fractions  will  exceed  the  design  fractions. 
Wittig  et  al  (Ref.  92)  have  carried  out  experimental  invest- 
igations  of  seal  clearance  flows.  Their  work  consisted  of 
chosing  a  standard  clearance  and  by  scaling  it  up  investigate 
the  mass  flow  through  the  seal.  Their  findings  suggest  a 
simple  relationship  between  seal  opening  and  flow.  For  a  set 
of  given  engine  conditions,  a  nearly  linear  relationship 
existed  between-.  the  value  of  mass  flow  allowed  through  the 
seal,  and  the  clearance  between  the  labyrinth  seal  walls.  The 
tests  they  carried  out,  were  on  labyrinths  of  up  to  five 
indentations.  In  the  present  work  the  seals  investigated 
have  four  indentations  (H.  P.  Turbine  seal)  and  six  indentations 
(H.  P.  Compressor  seal).  The  scale  of  the  experiment  was  the 
same  as  that  normally  encountered  in  gas  turbine  operation, 
so  the  results  are  directly  applicable.  Meyer  (Ref.  51)  has 
published  work  that  is  applicable  to  several  types  of  seal, 
but  this  work  does  not  include  a  scaling  effect,  which  is  the 
one  desired  in  the  present  investigation.  Kearton  and  Keh 
(Ref.  42)  propose  a  semi  empirical  method  for  staggered  type 
labyrinth  seals.  These  seals  have  indentations  that  interleave, 
so  they  are  not  used  in  gas  turbine  practice  because-the  margin 
of  axial  deflection  allowed  by  these  seals  is  too  small  for  the 
deflections  encountered  in  practice.  In  addition  information 
is  required  which  is  not  readily  available.  Vermes  (Ref.  91) 
also  investigated  several  sealing  arrangements,  and  his  work 
produced  methods  that  could  be  an  alternative  for  the  methcds 
employed  in  this  section.  Vermes'  uork  is  intended  to  evaluate 93 
the  flow  of  steam  for  steam  turbine  seals,  and  his  semi 
empirical  correlations  were  obtained  from  experiments  with 
steam  machinery.  Unfortunately  no  additional  work  has'been 
encountered  for  other  types  of  gas  turbine  seals.  It  was 
therefore  decided  in  view  of  the  validation  by  the  experiment 
of  Wittig  et  al.  to  use  the  simple  proportional  relationship 
proposed. 94 
CHAPTER  IV 
DIRECT  HEAT  TRANSFER  EFFECTS 
4.1  INTRODUCTION 
In  the  previous  chapter  a  method  to  enable  the  pre- 
diction  of  the  effects  of  the  occurrence  of  non-design  seal 
and  blade  tip  clearances  on  the  predicted  engine  performance 
has  been  proposed.  In  this  chapter  some  direct  effects  of 
heat  transfer  are  evaluated,  and  simplified  methods  to  include 
in  the  transient  programme  are  proposed. 
4.  Z  HEAT  CAPACITY  OF  THE  COMPONENTS 
When  a  gas  turbine  experiences  a  change  of  state,  the 
engine  metal  will  exchange  heat  with  the  working  fluid  because 
of  the  temperature  changes  of  the  latter.  Thus  the  various 
parameters  that  influence  the  transient  processes  will  be 
influenced  by  this  transfer  of  heat.  These  effects  have  been 
extensively  analysed  by  Ilaccallum  (Refs.  50,51),  Sauerfeind 
(Refs.  5,6  and  7)  and  Thomson  (Ref.  88).  The  latter  propose 
a  model  in  which  the  engine  is  treated  as  an  equivalent  heated 
up  mass,  where  all  the  heat  absorption  occurs  in  a  lump  of  mass 
placed  in  the  combustion  chamber.  This  mass  absorbs  heat,  and 
the  heat  absorbed  at  each  time  interval  is  transformed  into  a 
fuel  equivalent  which  is  subtracted  from  the  engine  fuel  flow. 
In  this  way  the  accelerating  fuel  flow  is  reduced,  slowing  an 95 
acceleration.  In  a  deceleration  the  opposite  is  the  case,  the 
fuel  flow  is  increased  by  an  amount  proportional  to  heat  released 
by  the  engine  materials,  also  lengthening  the  time  for  the 
transient  to  take  place.  Account  of  the  modified  temperatures 
in  the  working  fluid  is  accounted  by  means  of  modifying  the 
component  isentropic  efficiencies. 
Ilaccallum  (Ref.  51)  proposes  a  more  elaborate  method 
of  assigning  a  thermal  storage  capacity  to  each  component  of 
the  engine,  and  heat  is  transferred  to  and  from  this  component 
during  the  transients.  Thus  the  expansion  and  compression  paths, 
are  modified  altering  the  work  transfer.  This  method  is  also 
used  by  Larjola  (Ref.  48)-whose  interest  was  with  industrial 
gas  turbines.  In  these  machines  the  presence  of  heat  exchangers 
dictates  the  need  for  the  calculation  of  steady  state  and 
transient  heat  transfer  effects.  This  method  is  a  very  good 
representation  of  the  heat  transfer  processes  occurring  in  the 
engine. 
In  the  present  work  a  procedure  that  follows  closely 
Maccallum's  technique  is  adopted.  Some  modifications  to  this 
method  have  been  introduced  to  enable  the  various  heat  transfer 
modes  of  the  different  sections  to  be  represented.  In  the 
present  model,  the  heat  transferred  to  the  blades,  the  casing 
and  the  blade  platform  is  calculated  separately,  enabling  a 
more  detailed  analysis. 
The  following  mathematical  procedure  explains  the  basis 
of  the  method  employed  for  these  calculations.  In  this  analysis, 
the  ratio  F  denotes  the  ratio  of  heat  transfer  to  the  working 
fluid  to  the  work  transfer  from  the  working  fluid  in  an  element 
of  the  compressor. 96 
Considering  a  small  change  in  an  isentropic  compression 
T2= 
(2)  6  T  (4.1) 
1P1 
or 
1+T1=  (1  +P)  (4.2) 
using  the  binomial  expansion  and  ignoring  the  second  order 
terms 
dT 
+( 
dP)ý-j 
TFý 
or 
CIT,  ý---l  (.  q-p)  (4.4) 
T6P 
for  areal  adiabatic  compression  with  index  nc  a  similar 
manipulation  would  yield  equation  (4.5). 
dT 
_ 
nc-1dP(4.5) 
T-7.  -(T) 
For  a  compression  process  equation  (4.6)  relates  isentropic 
and  real  temperature  changes. 
dT  = 
dT' 
rip,  (4.6) 
Therefore  substituting  in  equation  (4.5)  and  using  equation 97 
(4.4) 
nc  -1_N  --  1(  1 
nc  -  lp 
0 
(4.7) 
For  a  process  with  heat  transfer,  where  the  index  of  compression 
is  nh,  equation  (4.8)  can  be  derived. 
dT 
_ 
nh  -I  dP 
T 
tact 
-  nh  Pý 
(4.8) 
where 
dTact  -  dTwt  --  dTht  =  (1-F)dTWt  (4.9) 
or 
_  dT 
(1-F)  dT'  (4.10) 
ht  -  npo 
therefore 
1-F  dT' 
_ 
nh  -  1(dP)  (4.11) 
nPo  T-  nh  p 
and 
nh  -1  1-F  1 
nh  11 
po 
-6  (4.12) 
for  the  turbine  a  similar  analysis  will  yield  equation  (4.13) 
nh  -1 
nh  «_ 
(1-F)  7PC  (4.13) 98 
The  same  correlations  that  have  been  used  for  the  evaluation  of 
the  heat  transfer  coefficients  in  the  calculation  of  the  thermal 
expansion  of  the  discs  for  clearance  purposes,  are  also  used  to 
find  the  magnitude  of  the  heat  transfer  effects  being  considered 
here.  All  these  effects  are  evaluated  once  and  once  only  in  a 
subroutine  developed  for  this  specific  purpose.  Thus  the  factor 
F  is  calculated  once  at  the  end  of  each  time  interval,  for  each 
component.  This  value  is  then  used  at  the  next  time  interval. 
This  approximmation  is  realistic,  and  it  saves  considerable 
computing  time,  since  the  quantity  needed  for  the  calculations 
of  the  index  of  compression  is  not  F.  but  (1-F).  In  the 
compressor,  the  ratio  F  in-the  first  few  time  intervals  changes 
substantially  its  magnitude  because  it  is  a  very  small  number, 
but  the  quantity  (1-F)  seldom  changes  by  more  than  one  percent 
from  one  time  step  to  the  next.  This  inaccuracy  is  small,  and 
considered  acceptable,  in  particular  if  compared  to  the 
uncertainties  involving  the  determination  of  the  heat  transfer 
coefficients.  For  the  turbine,  the  same  trend  is  observed 
throughout  the  transient,  with  the  exception  of  the  first  time 
interval.  At  this  point  a  sudden  temperature  rise  is  experi- 
enced  by  the  turbine(s)  due  to  the  step  change  of  fuel  flowing 
into  the  combustion  chamber.  To  account  for  this  effect,  the 
second  step  in  the  transient  is  executed  twice  if  the  heat 
transfer  effects  are  to  be  included,  once  adiabatically  to  obtain 
an  estimate  of  the  thermodynamic  variables  of  the  engine,  and 
the  magnitude  of  the  correcting  parameters,  and  then  a  second 
time  where  the  correcting  parameters  are  included  in  the  compu- 
tation.  The  difference  between  the  first  and  second  computation 
of  this  time  step,  yields  very  small  differences,  which  have 
little  effect.  In  any  case  the  method  has  been  retained, 99 
because  the  additional  computing  time  required  is  a  very  small 
fraction  of  the  total. 
The  effects  of  heat  transfer  in  the  combustion  chamber 
have  not  been  included,  because  a  fuel  controller  could  sense  a 
slightly  reduced  turbine  entry  temperature,  and  the  fuel  flow 
would  be  slightly  increased.  Since  the  sensor  devices  are 
usually  placed  in  the  outlet  of  the  last  turbine,  the  heat 
absorbed  by  any  of  these  components  will  also  influence  the 
degree  of  overfuelling.  Also  neglected  are  the  heat  transfer 
effects  into  the  propulsion  nozzle  material.  Two  conflicting 
effects  are  experienced  by  this  component.  Taking  an  acceleration 
as  an  example,  the  nozzle  will  be  colder  than  in  the  equilibrium 
conditions,  thus  a  slightly  smaller  outlet  area  will  be  dis- 
charging  the  flow.  The  other  effect  is  that  due  to  heat  being 
transferred  from  the  fluid  into  the  nozzle  material,  the  boundary 
layer  will  be  thinner  than  in  the  steady  state  situation,  thus 
providing  an  increased  effective  area.  Also  due  to  the  removal 
of  heat  from  the  fluid,  its  density  will  be  slightly  increased. 
According  to  Maccallum  (Ref.  50),  there  are  experimental  obser- 
vations  which  indicate  that  these  effects  approximately  cancel 
each  other.  In  view  of  this  evidence  these  effects  have  not 
been  included  in  the  present  calculation.  When  analysing  a 
deceleration,  it  is  safe  to  assume  that  the  opposite  processes 
are  happening,  again  nearly  cancelling  each  other. 
4.3  CHANGES  IN  COMPONENT  CHARACTERISTICS 
The  heat  exchange  occurring  between  engine  materials 100 
and  working  fluid  produces  changes  in  the  component  character- 
istics.  These  changes  are  due  to  the  density  changes  of  the 
fluid,  affecting  the  axial  velocity,  and  changes  in  the  aero- 
foil  performance,  which  produce  changes  in  the  magnitude  of 
the  deflection  experienced  by  the  fluid. 
4.3.1  Compressor  Performance  and  it's  Prediction 
To  enable  the  prediction  of  characteristic  movements, 
some  insight  is  required  into  the  methods  available  for  the 
evaluation  of  component  performance  maps  from  a  given  blade- 
configuration  and  inlet  flow  parameters.  To  illustrate  these 
calculations,  an  ideal  stage  is  to  be  considered,  with  a  per- 
fect  gas.  In  this  case,  the  stage  is  assumed  to  consist  of  a 
stator  and  a  rotor,  in  this  order,  This  arrangement  is  arbitrary 
and  the  opposite  arrangement  can  be  used  equally  well  for 
illustration  purposes. 
The  fluid  enters  the  set  of  stators  of  this  hypothetical  blade 
pair  at  S1  (Fig.  82)  where  it  is  restricted  to  flow  through  an 
area  defined  by  the  blade  pitch  and  the  air  angle,  entering  at 
an  angle  or,  to  the  engine  axis.  This  angle  is  determined  by  the 
inlet  guide  vanes,  or  the  previous  blade  pair.  The  blading  will 
deflect  the  flow  to  an  angle  org.  This  angle  qý  also  defines 
the  throat  area  through  which  the  flow  will  emerge  from  the 
stators.  Compressor  blading  is  designed  in  such  a  way  that  the 
inlet  area  of  the  blade  row  is  smaller  than  the  outlet  area, 
acting  as  a  diffuser.  From  the  equation  of  continuity 
dV  '  dQ  dA 
V+P+A=0  (2.3) 101 
the  conservation  of  energy  equation, 
2 
To  =T+2 
ýP  (4.13) 
and  isentropic  compression 
(P2)  =  (T2)  61  ý4.1) 
11 
the  relationship  between  the  stagnation  parameters  and  the 
flow  velocities,  or  Mach  numbers  can  be  obtained  at  any  point. 
Equation  (4.14)  which  is  an  alternative  form  of  equation  (2.8) 
is  obtained. 
Ö+1 
PoA 
(1  + 
*2)  (ý-1) 
mR  VTo 
-  II 
(4.14) 
The  knowledge  of  the  Mach  number  at  outlet  enables  the 
calculation  of  pressure,  velocity,  and  temperature  at  the 
outlet  form  the  stator  blades.  As  stated  the  blades  form  a 
diffuser,  which  produces  an  increase  of  static  pressure  and 
temperature  and  a  reduction  of  the  velocity  of  the  fluid. 
The  flow  will  then  enter  the  rotor  blades  which  are  usually 
designed  to  act  as  diffusers.  These  blades  are  moving  with 
a  peripheral  velocity  U  perpendicular  to  the  axis  of  the 
machine.  This  will  result  in  a  high  relative  velocity  bet- 
ween  the  fluid  and  the  blading  at  the  entrance  of  the  latter. 
The  relative  velocity  at  entry  to  the  rotor  is  the  vector 
subtraction  of  the  absolute  velocity  of  the  fluid  and  the 
peripheral  velocity  U  of  the  rotors.  These  parameters  are 
illustrated  by  means  of  the  well  known  velocity  diagrams  to 
be  found  in  gas  turbine  textbooks.  These  relative  velocities 102 
again  result  in  air  angles  and  flow  areas  which  define  the 
diffusion  process.  Knowledge  of  these  parameters  will  enable 
a  calculation  similar  to  the  one  performed  for  the  stators, 
and  the  calculation  of  the  various  fluid  parameters  will  follow, 
The  flow  will  then  enter  the  next  set  of  stators  and  the  process 
is  repeated.  If  the  velocity  triangle  at  rotor  exit  is  examined, 
it  is  evident  that  the  flow  has  been  decelerated  with  respect 
to  the  rotor  and  accelerated  with  respect  to  the  stator.  The 
stagnation  temperature  rise  can  be  evaluated  from  these  para- 
meters,  and  from  isentropic  relations  the  pressure  rise.  The 
work  input  to  the  fluid  is  given  by  equation  (4.15). 
1Cp  (To3  -  To1)  (4.15) 
In  most  compressors  the  inlet  and  outlet  area  ratio  will  not 
be  given  by  the  ratio  of  the  air  angles  because  the  blade 
height  will  not  be  constant  along  the  chord.  In  general  axial 
turbomachines  are  designed  on  the  basis  of  constant  axial  ' 
velocity,  and  the  flow  path  annulus  is  tapered  with  a  reduction 
in  flow  area  as  the  high  pressure  end  of  the  turbomachine  is 
approached.  Thus  increased  density  fluid  passages  have  smaller 
flow  areas.  Although  axial  velocity  is  constant  at  the  design 
condition,  it  will  vary  along  the  length  of  the  compressor 
during  off-design  operation.  In  Refs.  37,38,  and  40  the 
analysis  is  carried  out  assuming  constant  axial  velocities 
and  incompressible  flow,  so  the  familiar  relationships  from 
the  blade  triangles  are  produced.  It  is  general  practice  to 
make  these  simplifications,  the  reason  being  historical.  When 
the  first  gas  turbines  with  axial  compressors  were  designed, 
these  compressors  had  a  low  working  pressure  ratio.  Conse- 103 
quently  the  pressure  rise  per  stage  was  small  and  so  were  the 
density  changes.  So  incompressible  flow  was  a  realistic 
assumption.  The  above  example  is  useful  in  illustrating  how 
the  compressor  blades  behave  to  produce  a  pressure  rise  in  the 
fluid.  This  is  the  ideal  which  compressor  designers  try  to 
achieve.  From  these  procedures,  a  performance  map  for  a  given 
turbomachine  can  be  evaluated.  The  pressure  ratio  of  the  com- 
pressor  is  obtained  from  the  inlet  and  outlet  values  of  the 
stagnation  pressure,  the  non-dimensional  mass  flow  from  the 
amount  of  air  and  the  inlet  temperature  and  pressure.  In 
this  manner  one  point  is  evaluated  on  a  constant  speed  line. 
The  process  is  then  repeated  for  several  values  of  the  mass 
flow  to  determine  the  complete  speed  line.  Repeating  this 
calculation  for  several  speed  lines  will  produce  the  familiar 
maps  of  component  characteristics. 
So  far  the  process  has  been  assumed  to  be  reversible 
so  the  isentropic  efficiency  is  unity.  In  the  real  case,  an 
estimate  can  be  made  of  the  various  losses  as  a  function  of 
blade  geometries  and  flow  parameters  to  produce  a  predicted 
map  of  efficiency  characteristics,  as  will  be  shown  later. 
It  is  general  practice  to  obtain  the  ratio  of  enthalpy 
rise  across  the  rotor  to  enthalpy  rise  across  the  blade  pair. 
This  is  defined  as  the  degree  of  reaction.  The  desired  degree 
of  reaction  at  one  fixed  value  of  the  blade  height  will  deter- 
mine  the  blade  angles.  If  the  degree  of  reaction  is  zero,  the 
blade  pair  is  termed  an  impulse  stage,  in  which  all  the  energy 
`  interchange  in  the  rotors  is  obtained  by  redirecting  the  flow. 
In  such  a  case  the  inlet  and  outlet  relative  velocities  of  the 
rotor  are  the  same,  and  all  the  diffusion  would  occur  in  the 104 
stators.  In  the  case  where  the  degree  of  reaction  is  not  zero, 
some  diffusion  will  occur  in  the  rotors  and  some  in  the  stators. 
Many  turbomachines  are  designed  with  a  fifty  percent  degree  of 
reaction  at  the  design  blade  height.  Once  the  degree  of  reaction 
at  the  mean  blade  height  has  been  established,  there  are  several 
options  to  determine  the  blade  angles  at  each  value  of  the  blade 
height,  such  as  free  vortex  design,  or  constant  reaction  blading. 
In  the  previous  illustration  it  is  important  to  know  the 
air  angles  cc,,  c;  2,  a.  Howell  (Ref.  37)  conducted  extensive 
experimental  work  to  establish  axial  compressor  performance 
predictions  from  theory  and  tests  on  cascades.  Part  of  this 
experimental  work  was  directed  towards  establishing  the  fluid 
deflection  that  would  result  from  various  blade  geometries  and 
flow  arrangements.  It  was  suggested  that  a  blade  would  be  de- 
signed  for  a  given  deflection,  given  by  various  air  and  geometric 
parameters. 
S2  ) 
de  =  C10$  (c 
where 
(4.16) 
2=  02  +  (4.17) 
and 
C10  O.  23(cb)2  +  0.1  SÖ  (4.18) 
p2  (4.19) 
E  ý2  !  ý1 
(4.20) 105 
In  this  work  the  design  condition  was  arbitrarily  defined  as 
a  function  of  the  stalling  deflection. 
E=0.8  cst  (4.21) 
Where  est  is  the  stalling  deflection,  which  is  defined  to 
occur  when  the  pressure  loss  is  double  its  minimum  value  (see 
Fig.  4  of  Ref.  37).  It  is  improbable  that  the  blade  pair  will 
be  operating  at  its  design  condition,  so  it  is  important  to 
evaluate  the  blade  performance  at  conditions  other  than  the 
design  conditions.  In  Ref.  37  a  set  of  curves  has  been  pro- 
duced  where  deflection  is  plotted  as  a  function  of  the  non- 
dimensional  incidence  (i  -  ide)/sde'  These  curves  are  an 
approximate  mean  of  the  results  deduced  from  tunnel  cascades 
and  worked  back  from  compressor  tests. 
It  is  extremely  imortant  to  evaluate  the  losses 
arising  due  to  the  physical  presence  of  the  aerofoils  and  the 
walls.  The  same  author,  in  the  method  described  above,  also 
proposes  a  method  to  calculate  the  efficiency  of  the  blading, 
by  accounting  for  these  losses.  It  would  be  possible  to  employ 
methods  such  as  those  of  Koch  and  Smith  (Ref.  44).  which  are 
based  on'more  recent  experimental  information  taken  from 
turbomachines  of  current  technology,  but  to  use  a  single 
method  throughout  and  because  of  its  simplicity,  Howell's 
method  was  adopted  as  a  basis  on  which  to  develop  an  alter- 
native  model. 
Howell  further  suggested  that  drag  is  caused  by  three 
reasons,  annulus  drag  which  is  the  drag  due  to  the  end  walls 
of  the  stage,  profile  drag,  due  to  the  shape  of  the  blade,  and 
drag  caused  by  secondary  effects,  such  as  tip  vortices  and 106 
leakages  due  to  tip  clearances.  So  the  total  drag  coefficient 
will  be  given  by  the  addition  of  these  coefficients  for  the 
three  losses,  equation  (4.22). 
Cd  =  Cdpf  +  Cd 
an 
+  Cd 
se 
(4.22) 
The  profile  drag  coefficient  is  obtained  from  the  same  figure 
from  which  the  fluid  deflections  are  obtained,  Fig  4  of  Ref.  37. 
The  coefficient  of  profile  drag  is  a  function  of  the  non-dimen- 
sional  incidence  of  the  fluid  on  the  blade. 
Cd 
Pf  _  f(lE- 
ide) 
de 
(4.23) 
The  annulus  drag  coefficient  is  given  by  equation  (4.24) 
Cd 
an  =  0.02  H 
b 
(4.24) 
while  the  drag  coefficient  for  secondary  losses  is  given  by 
equation  (4.25), 
Cd 
se  =  0.018  C12  (4.25) 
where 
C1  -  2- 
- 
(tan  cc  -  tan  cr,  ý  cos  ccm  -  Cd  tan  ým  (4.26) 
Once  the  drag  coefficients  have  been  evaluated,  the  total  drag 
coefficient  is  found  from  equation  (4.22).  The  pressure  loss 
due  to  irreversibilities,  dP,  is  related  to  the  drag  coeffi- 
cient  by  the  expression 107 
3 
cos  cc 
Cd  =Cý 
dP2)  (4.27) 
4pv1  cos 
2 
cr1 
The  theoretical  static  pressure  rise  is  evaluated  from 
2 
AP  cos  ac1 
2-1-2 
(4.28) 
2p  v1  cos  an2 
this  expression  arising  from  the  velocity  triangles  and  incom- 
pressible  flow.  If  desired,  this  expression  can  be  modified 
to  account  for  variations  in  the  axial  velocity,  by  modifying 
the  second  term  of  the  right  hand  side  of  equation  (4.28)  to 
obtain  equation  (4.29). 
2 
AP  cos  orb  2 
21-2  -AVR  (4.29) 
Zpv1  cos  of 
The  efficiency  is  then  given  by 
)1s  =1- 
dP 
(4,30) 
With  the  knowledge  of  these  parameters,  the  temperature  rise 
coefficient,  equation  (4.31),  is  evaluated, 
Cp  &Ts 
TRC  = 
4v2 
(4.31) 
and  the  pressure  rise  coefficient,  given  by 
GPs 
PRC  = 
12 
(4.32) 
pv 
is  obtained  by  multiplying  the  temperature  rise  coefficient 
by  the  stage  efficiency  as  shown  in  equation  (4.33) 108 
PRC  =  TRC  nS  (4.33) 
This  is  one  of  the  classical  methods  of  stage  perfor- 
mance  prediction.  It  has  been  mentioned  that  in  this  method 
no  account  has  been  taken  of  changes  in  the  density  of  the 
fluid  and  the  early  workers  assumed  that  the  axial  velocity 
was  constant.  These  approximations  are  valid  in  Howell's  work 
because  it  was  carried  out  in  the  very  early  periods  of  gas 
turbine  development,  when  compressor  pressure  ratios  were  not 
too  high,  and  the  density  change  across  a  stage  was  small. 
To  account  for  these  departures  from  these  approximations,  a 
method  is  proposed  with  some  slight  modifications,  but  based 
on  Howell's  method.  In  this  modified  calculation,  the  air 
angles  and  the  drag  coefficients  are  calculated  as  described 
in  Howell's  method.  The  drag  coefficient  is  then  used  to 
evaluate  the  pressure  loss  for  the  blade  row.  This  pressure 
loss  is  assumed  to  be  a  static  pressure  loss.  The  drag  coef- 
ficient  is  then  used  to  evaluate  the  efficiency  as  in  Howell's 
method.  This  efficiency  has  a  very  similar  magnitude  to  the 
isentropic  efficiency  of  a  small  stage.  So  it  is  assumed  that 
this  efficiency  is  the  isentropic  efficiency  of  the  blade  row. 
Then  with  the  knowledge  of  static  pressures  at  inlet  and  outlet, 
the  inlet  static  temperature  and  the  isentropic  efficiency,,  the 
static  temperature  at  outlet  is  evaluated.  The  fluid  velocity 
is  then  calculated  from  continuity  (2.3)  and  the  stagnation 
pressure  at  outlet  can  be  calculated.  The  process  is  then 
repeated  for  the  rotor.  Throughout  this  process  the  air  angles 
are  assumed  to  be  as  evaluated  at  the  beginning  by  using  Howell's 
method.  At  this  point  all  the  stage  outlet  parameters  have  been 
evaluated.  The  next  step  is  to  repeat  the  procedure  for  the 109 
next  stage.  The  outlet  parameters  of  a  stage  will  be  the 
inlet  parameters  for  the  next  one.  This  process  is  continued 
until  the  las  blade  pair  of  the  component  is  reached.  The 
process  is  then  repeated  for  different  values  of  the  mass  flow 
to  evaluate  the  performance  in  a  non-dimensional  speed  line. 
These  different  values  of  the  mass  flow  result  in  different 
magnitudes  of  the  axial  velocity.  Once  the  calculation  has 
been  repeated  for  several  non-dimensional  speed  lines,  the 
compressor  performance  map  will  be  obtained.  The  method  des- 
cribed  above  is  complete,  and  provides  a  basis  on  which  the 
compressor  performance  maps  can  be  evaluated.  The  next  step 
is  to  establish  the  accuracy  of  the  method  by  comparing  the 
results  to  those  of  rig  tests  of  the  component  studied.  As 
stall  is  approached,  the  predicted  performance  will  differ 
from  the  observed  performance.  The  reason  for  this  is  the 
difficulty  of  the  quantitative  analysis  of  the  stall  and  surge 
phenomena.  It  is  evident  that  although  the  basic  calculation 
of  compressor  performance  is  based  on  'passage'  theory,  where 
isentropic  flow  is  the  ideal  against  which  design  is  attempted, 
the  losses  and  limitations  of  compressor  performance  are  those 
encountered  in  aerofoil  work.  The  described  analysis  consists 
basically  of  one-dimensional  flow  equations  and  information 
derived  from  cascade  data.  In  a  turbomachine  the  pitch  is  not 
constant  along  the  blade  height,  and  three-dimensional  effects 
are  always  present.  The  above  analysis  will  therefore  be  fairly 
good  for  high  hub  to  tip  ratio  turbomachines,  typically  over 
0.6.  In  the  High  Pressure  Compressor  of  the  present  engine, 
the  hub  to  tip  ratio  of  the  various  stages  lies  between  0.61 
and  0.9,  so  this  analysis  is  applicable  to  this  component.  The 110 
L.  P.  Compressor  on  the  other  hand  falls  below  this  value, 
the  hub  to  tip  ratio  of  the  first  stage  of  this  component 
being  0.35.  As  it  will  be  shown  later,  the  effects  of  char- 
acteristic  movements  of  this  compressor  on  the  transient  phase, 
are  very  small,  even  when  fuel  is  scheduled  an  the  L.  P.  Shaft 
rotational  speed.  This  is  the  reason  why  the  above  analysis 
has  beenextended  to  this  compressor.  However  some  doubts 
arise  when  predicting  surge  line  movements  of  this  component 
at  the  end  of  decelerations. 
Work  can  be  pursued  along  these  lines  to  obtain  better 
compressor  performance  prediction  methods.  Better  accuracy 
could  be  obtained  by  a  radial  integration  on  each  blade  row, 
and  then  stacking  along  the  length  of  the  compressor.  The 
present  method  is  adequate  for  the  present  analysis  because 
what  is  required  is  a  simple  method  to  carry  out  component 
performance  calculations.  This  process  will  be  repeated 
introducing  some  modifications  in  the  variables  due  to  the 
heat  exchange  between  metal  and  fluid,  and  the  results  compared 
to  those  of  the  standard  method  which  represent  the  adiabatic 
process.  Thus  what  is  desired  is  to  obtain  the  relative  move- 
ments  of  the  non-dimensional  speed  lines  due  to  the  heat 
transfer  effects. 
When  heat  transfer  is  present,  the  blades  will  not 
deflect  the  flow  as  they  do  under  adiabatic  conditions.  The 
result  will  be  a  modification  of  the  performance  of  the 
component  in  question.  Two  reasons  are  suggested  for  the 
modification  of  the  characteristics  during  a  transient. 
Fluid  density  changes 
Alterations  in  the  aerofoil  boundary  layer 111 
4.3.2  Fluid  Density  Changes 
When  heat  is  exchanged  between  the  fluid  and  the 
engine  materials,  a  change  in  the  fluid's  temperature  occurs, 
This  modification  will  result  in  a  modification  of  the  fluid 
density,  pressure  being  assumed  constant.  This  in  turn  will 
modify  the  ratio  of  axial  fluid  velocity  to  blade  speed,  thus 
altering  the  working  point  of'the  blade  pair.  Maccallum  (Refs. 
55  and  56)  has  investigated  this  effect,  and  analysing  the 
machine  stage  by  stage  with  the  non-adiabatic  fluid  conditions 
has  obtained  a  linear  relationship  to  predict  this  modification 
in  the  non-dimensional  speed  line.  In  this  case  all  the  heat 
transferred  is  allowed  to-  occur  at  a  plane  between  two 
consecutive.  stages.  Thus  the  calculation  proceeds  normally 
for  the  next  blade  pair,  but  with.  a  reduced  inlet  temperature 
(during  an  acceleration)  because  some  heat  has  been  removed 
after  the  exit  from  the  previous  blade  pair.  The  amount  of 
heat  removed  is  the  heat  transferred  to  the  material.  This 
lass  of  heat  will  alter  the  density  of  the  fluid,  for  which 
the  pressure  is  assumed  to  be  constant.  As  a  result  the 
velocities  will  change.  The  fluid  will  be  entering  the  next 
stage  with  properties  that  are  not  those  that  would  be  in  the 
adiabatic  case. 
As  stated,  during  the  heat  transfer  process  the  stag- 
nation  pressure  is  assumed  to  be  constant.  This  is  a  realistic 
assumption.  This  fact  was  verified  by  assuming  a  friction- 
less  flow  with  heat  transfer  (Rayleigh  flow),  The  level  of 
heat  transfer  was  set  by  assigning  a  very  large  value  to  the 
ratio  F,  of  0.6  (this  was  the  largest  value  obtained  during  a 
deceleration  in  the  L.  P.  Compressor).  The  results  of  this 
investigation  pointed  out  that  at  this  level  of  heat  transfer, 112 
the  change  of  stagnation  pressure  is  of  the  order  of  0.2  per- 
cent  for  each  blade  pair.  This  pressure  change  is  in  the 
oppos.  ite  direction  of  the  temperature  change  due  to  the  heat 
transfer,  so  in  an  acceleration  it  will  be  beneficial.  This 
error  is  acceptable  because  there  are  other  uncertainties  in 
the  method  which  would  produce  larger  errors,  typically  the 
definition  of  the  air  angles. 
This  process  of  modification  of  the  fluid  density 
has  been  carried  out  for  several  non-dimensional  speed  lines 
during  various  transients,  accelerations  and  decelerations 
at  both  sea  level  and  altitude  conditions.  An  approximate 
expression  describing  the  behaviour  of  the  modified  non- 
dimensional  speed  line  is  given  in  equation  (4.34).  In  this 
expression,  the  constant  coefficient  CIO  is  valid  for  several 
transients  in  various  situations,  but  for  only  one  compressor. 
If  another  compressor  is  to  be  analysed,  the  process  has  to 
be  repeated  to  evaluate  this  coefficient  for  this  other 
component. 
A= 
c11  mQ  N 
.m 
(4.34) 
The  engine  studied  in  Ref.  54  is  the  same  as  the  one  currently 
analysed,  so  the  constants  defining  this  quantity  for  the  two 
compressors  are  -0.15  and  -0.1. 
4.3.3  Aerofoil  Boundary  Layers 
Heat  transfer  from  a  wall  to  a  fluid  will  increase 
the  rate  at  which  the  fluid  boundary  layer  develops.  In  the 
case  of  the  compressor  the  problem  is  accentuated  by  the  fluid 
moving  against  the'pressure  gradient.  If  the  boundary  layer 113 
is  to  separate,  the  transfer  of  heat  to  the  fluid  will 
generally  accelerate  the  process  and  induce  it  to  occur 
further  upstream.  These  boundary  layer  phenomena  have  been 
studied  by  Maccallum  and  Grant  (Refs.  55,56).  This  investi- 
gation  has  shown  that  heat  transfer  will  generally  result 
in  an  increase  in  the  displacement  thickness  of  the  boundary 
layer  on  the  suction  side  of  the  blade.  This  effect  will 
result  in  an  incorrect  deflection  of  the  working  fluid,  in 
an  increase  of  the  profile  drag  of  the  blade,  and  in  a  wider 
wake  at  the  trailing  edge.  The  changed  deflection  will  produce 
changes  in  profile  drag  and  blade  performance.  From  Ref..  56 
the  change  in  deflection  was  found  to  be  approximately 
described  by  equation  (4.35). 
i-i 
C 
ACE  ,  AT 
-  1000 
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E 
de)  (4.35) 
de  de 
The  next  step  then  was  to  find  a  'pseudo'  inlet  angle,  that 
will  produce  the  same  outlet  angle  under  adiabatic  conditions. 
The  purpose  of  this  procedure  was  to  evaluate  the  drag  coeff- 
icients  to  obtain  the  stage  efficiency.  An  iterative  process 
was  necessary  at  this  point,  because  the  analytical  solution 
of  this  problem  was  not  possible.  This  iterative  loop  used 
the  information  obtained  from  Fig.  4  of  Ref.  37.  The  rest 
of  the  calculation  continued  as  described  above,  with  the 
modified  angles  and  drag  coefficients.  From  repeated  analyses 
of  this  type  of  equation  (4.36)  has  been  obtained.  This 
equation  gives  a  fairly  satisfactory  approximation  to  the 
behaviour  of  the  engine  (Ref.  55).  As  in  the  previous  section 
regarding  density  changes  due  to  heat  transfer,  the  constant 
coefficient  C12  in  equation  (4.36)  is  valid  for  all  conditions 114 
but  only  for  the  component  being  investigated.  It  must  be 
mentioned  that  this  approach  is  very  approximate,  and  that 
more  investigation  is  required  in  this  topic.  The  value  of 
C12  is  -0.15  for  the  H.  P.  Compressor  and  -0.10  for  the  L.  P. 
Compressor  of  this  engine.  These  values  have  been  obtained 
from  Ref.  54. 
NN 
=  C12 
Tb  T  Tair 
air 
(4.36) 
These  relationships  are  adequate  when  they  result  only  in  small 
changes  in  the  characteristics.  Although  small,  their  effect 
in  a  transient  is  not  negigible.  Some  reservations  must  be 
made  when  the  magnitude  of  the  F  value  is  very  large,  as  is 
the  case  of  the  L.  P.  Compressor  during  a  deceleration. 
4.3.4  Movements  of  the  Surge  Line 
The  above  methods  are  representative  of  the  processes 
occurring  during  the  transient  phase  of  engine  behaviour. 
After  investigating  these  effects,  simplified  correlations 
that  are  sufficiently  economical  to  be  included  in  the  transient 
programme  have  been  devised,  A  similar  procedure  has  been 
followed  in  the  investigation  of  surge  line  movements.  From 
the  same  methods,  a  simplified  correlation  has  been  obtained 
to  represent  the  movements  of  the  surge  line.  As  previously 
discussed,  one  of  the  limiting  aspects  in  an  engine  transient 
is  the  occurrence  of  surge  in  any  of  the  compressors.  It  is 
generally  accepted  that  surge  involves  the  stalling  of  a  few 
stages.  It  is  therefore  important  to  determine  the  occurrence 
of  this  phenomena.  A  choice  exists  of  several  such  methods 
(Refs.  13,15,31).  However  a  method  to  predict  surge  or  stall 115 
that  is  entirely  satisfactory  has  not  been  developed  so  far, 
other  than  experimental  procedures.  It  is  generally  accepted 
that  surge  is  associated  with  local  stalling  at  various  stages. 
At  reduced  speeds,  the  low  density  of  the  fluid,  in  particular 
at  the  rear  stages,  will  result  in  higher  velocities,  and  the 
rear  stages  will  be  approaching  choking  conditions.  At  these 
conditions  the  low  velocities  at  the  inlet  will  result  in  high 
angles  of  attack,  thus  the  probability  of  stall  will  be  high. 
At  high  speeds,  the  compressor  will  surge  because  of  stall 
occurring  in  the  higher  pressure  stages.  The  fluid  is  of  a 
high  density,  and  the  resulting  axial  velocities  are  low,  * 
again  resulting  in  high  angles  of  incidence.  The  easiest 
approach  for  the  determination  of  surge  is  to  arbitrarily 
choose  the  peak  of  the  non-dimensional  speed  line  as  the  point 
at  which  surge  occurs.  This  procedure  is  not  entirely  satis- 
factory  because  many  sets  of  characteristics,  fan  character- 
istics  in  particular,  have  been  encountered  where  the  engine 
will  operate  satisfactorily  with  one  of  the  compressors  working 
on  a  positive  slope  section  of  one  of  the  non-dimensional 
speed  lines.  An  alternative  approach  is  to  define  the  stalling 
point,  as  that  at  which  the  coefficient  of  profile  drag  will 
be  twice  its  minimum  value.  This  is  when  the  non-dimensional 
incidence  is  equal  to  0.4. 
The  characteristic  prediction  performance  was  then 
carried  out,  and  adjusting  factors  introduced,  to  bring  the 
adiabatic  prediction  into  fair  agreement  with  the  character- 
istics  supplied  by  the  engine  manufacturer.  The  various  heat 
transfer  effects  are  then  introduced,  and  the  points  where 
surge  is  predicted  to  occur  are  noted,  Despite  its  short- 
comings,  the  method  of  assuming  that  surge  occurs  at  the  peak 116 
of  the  non-dimensional  speed  line  has  been  adopted.  What 
is  sought  are  the  relative  movements  of  the  curves,  rather 
than  accurate  predictions  of  the  speed  lines,  so  this 
simplification  is  justified.  The  aim  of  these  calculations 
is  to  produce  a  simple  correlation  between  the  surge  line 
movements  and  the  rate  of  heat  transfer.  Plots  of  surge  line 
rise  were  plotted  in  two  forms  as  a  function  of  F  (the  heat 
transfer  to  work  transfer  ratio).  In  one  form  the  pressure 
ratio  is  divided  by  the  adiabatic  pressure  ratio 
PRht 
_  f(F)  (4.37) 
PRci  ' 
The  correlation  of  this  form  that  has  been  obtained  is  given 
in  equation  (4.38). 
11 
f(F)  1+0.357E  (4.38) 
The  other  expression,  and  the  one  currently  used  is  of  the 
form 
FR 
ht 
1= 
f(F)  (4.39) 
PR 
ad  -1 
This  alternative  analysis  yielded  equation  (4.40) 
f(F)  =1+0.541  F  (4.40) 
i 
This  procedure  was  carried  out  for  two  non-dimensional  speed 
lines  for  two  decelerations  and  three  accelerations,  some  at 
sea  level  static,  and  the  others  at  altitude  9150  m  and  flight 117 
Mach  number  0.6  (Fig.  83).  This  analysis  reveals  a  moderate 
scatter  in  the  results.  For  the  purpose  of  the  model,  a  linear 
relationship  has  been  assumed  between  F,  the  ratio  of  heat 
transfer  to  work  transfer,  and  the  surge  line  movement  (Fig. 
84).  These  coefficients  have  been  adjusted  in  the  evidence 
of  further  investigation,  including  the  effects  of  end-wall 
boundary  layer  development,  carried  out  by  Maccallum  (Ref.  55) 
where  a  more  elaborate  method  predicted  smaller  movements 
than  the  ones  resulting  from  the  above  method.  This  reduction 
is  accomplished  by  introducing  a  multiplying  factor  of  0.67. 
Provision  for  these  effects  has  also  been  made  for  the  L.  P. 
Compressor,  despite  the  small  departures  of  the  transient 
running  lines  from  the  steady  running  lines.  The  coefficients 
of  equations  (4,38)  and  (4.40)  have  been  reduced  by  one  third 
because  the  same  proportionality  was  observed  between  the 
coefficients  that  simulate  the  effects  of  the  characteristic 
movements  on  the  two  compressors. 
As  previously  stated,  these  methods  have  been  treating 
the  compressor  stage  as  a  passage.  In  practice,  the  blades 
act  more  as  aerofoils,  this  point  being  strikingly  illustrated 
by  Epstein  (Ref.  20).  This  work  reveals  how  complex  the  flow 
in  the'compressor  is.  The  present  calculations  are  justified 
in  that  no  accurate  compressor  performance  is  required,  simply 
the  relative  movements  due  to  the  various  heat  transfer  effects. 
4.3.5  Turbines 
Turbines  also  exchange  heat  with  the  working  fluid 
during  transients.  In  the  turbines,  the  performance  character- 
istics  are  dependent  on  the  inlet  guide  vane  area.  During 
an  acceleration  where  heat  is  transferred  from  the  fluid  to' 118 
the  metal,  a  smaller  displacement  thickness  of  the  boundary 
layer  would  be  expected,  thus  reducing  the  drag  and  the  block- 
age.  However  a  smaller  geometric  cross  sectional  area  would 
be  available  for  the  flow  due  to  the  material  temperature 
being  less  than  that  of  the  steady  state  conditions.  These 
processes  resemble  very  much  those  occurring  at  the  final 
nozzle  of  the  engine.  It  should  also  be  mentioned  that  the 
effects  of  non-design  gas  angle  in  the  turbine  blading  will 
result  in  far  smaller  effects  than  those  affecting  the 
compressors.  There  are  three  important  reasons  for  this  fact. 
Firstly,  the  turbine  blading  produces  much  larger  deflections 
on  the  gas  flow  than  those  produced  by  the  compressor,  there- 
fore  any  non-design  deflections  due  to  modified  boundary  layers 
will  have  a  smaller  relative  effect.  Also  since  the  flow  is 
experiencing  a  favourable  pressure  gradient  and  accelerating, 
no  danger  of  separation  which  could  result  in  a  phenomenon 
such  as  stall,  exists  as  in  the  compressor.  The  third  reason 
is  that  a  turbine  consists  of  very  few  stages,  typically  three 
or  less,  so  the  effects,  will  not  be  affecting  many  subsequent 
stages  as  happens  in  the  compressors,  compressors  of  over 
ten  stages  being  very  common.  These  considerations  led  to  the 
conclusion.  that  heat  transfer  effects  on  turbine  performance 
characteristics  would  not  be  as  important  a  factor  as  the 
effects  on  compressor  characteristics.  Therefore  the  penalty 
in  accuracy  for  not  including  them  is  acceptable. 119 
CHAPTER  V 
. ý. 
RESULTS  AND  DISCUSSION 
5.1  INTRODUCTION 
In  the  previous  chapters  methods  have  been  described 
which  enable  the  evaluation  of  the  performance  of  a  gas  turbine 
engine.  In  the  procedures  described  in  Chapters  III  and  IV9 
provision  has  been  made  for  the  inclusion  of  important  factors 
that  can  effect  the  predicted  performance  of  an  engine  during 
a-  transient.  In  this  chapter  these  factors  are  included  in  the 
prediction  methods  and  the  results  obtained  are  compared  to  those 
obtained  using  the  adiabatic  models  of  Chapter  II.  The  predicted 
performance  of  an  engine  can  be  modified  in  both  the  steady 
state  and  the  transient  phases  by  several  other  variables,  and 
some  of  these  possibilities  are  also 
studied  in  this  chapter. 
A  two-spool  bypass  engine  with  mixed  exhausts,  for  which  adequate 
structural  information  was  available,  has  been  selected  to 
illustrate  these  effects. 
5.2  PERFORMANCE  OF  THE  COMPONENTS  DURING  A  TRANSIENT 
The  first  step  in  this  investigation  was  a  atudy  of  the 
sensitivity  of  the  selected  engine  configuration  to  component 
inefficiencies.  The  results  are  shown  in  Fig.  85.  By  far  the 
most  important  effect  is  that  of  H.  P.  Turbine  efficiency.  A 
deterioration  of  turbine  efficiency  of  only  one  percent  will 120 
produce  a  retardation  of  nearly  ten  percent  of  the  time  needed 
to  accomplish  the  transient.  This  deterioration  of  the  efficiency 
will  also  have  a  detrimental  effect  on  the  performance  level  at 
the  end  of  the  transient.  The  inefficiencies  of  other  components 
produce  much  smaller  effects.  For  this  demonstration  the  H.  P. 
Compressor  efficiency  has  been  reduced  by  two  percent,  a  one 
percent  deterioration  produced  too  small  a  change  to  be  illust- 
rated.  The  efficiencies  of  the  L.  P.  Shaft,  which  are  also 
changed  by  two  percent,  have  very  small  effects  on  the  engine's 
response.  Inefficiencies  of  the  latter  three  components  have  a 
smaller  effect  on  the  final  value  of  the  performance.  The 
efficiencies  of  the  L.  P.  Shaft  have  been  improved  so  that  the 
illustration  is  clearer.  It  has  been  observed  that  the  magnitude 
of  the  effect  on  the  performance  is  the  same  whether  the 
efficiencies  are  increased  or  decreased,  the  effect  always  being 
in  the  same  direction  as  the  deterioration,  i.  e.  a  decrease  in 
component  efficiency  always  produces  a  slower  acceleration. 
In  Figs  86  to  100,  the  performance  of  the  various 
components  during  three  transients  is  illustrated.  These 
transients  are  at  sea  level  static  acceleration  (Figs.  86  to  90)x, 
an  acceleration  at  simulated  altitude  conditions  of  9150m  and 
a  flight  Mach  Number  of  0.8  (Figs.  91  to  95),  and  a  deceleration 
at  sea  level  static  conditions  (Figs.  96  to  100).  During  the 
sea  level  acceleration,  the  clearance  path  of  the  L.  P.  Compressor 
(Fig.  86)  follows  very  closely  the  path  the  stabilised  clearances 
would  take.  The  clearance  of  this  component  is  dominated  by  the 
centrifugal  stresses  of  the  disc  because  the  temperature  changes 
experienced  by  the  L.  P.  Compressor  are  modest,  the  high  pressure- 
end  of  the  component  experiencing  a  temperature  rise  of  only  80K. 
The  small  departures  from  the  design  clearances  result  in 121 
extremely  small  efficiency  losses.  The  factor  F  relating  heat 
transfer  to  work  transfer  peaks  at  a  value  of  about  0.1,  and 
falls  off  fairly  quickly  with  the  engine  stabilising.  It  must 
be  borne  in  mind  that  this  component  handles  a  fluid  mass  flow 
which  is  about  twice  that  flowing  through  the  core  components, 
so  heat  transfer  rates  are  comparable  to  those  of  the  other 
components  which  experience  much  larger  temperature  changes. 
The  lowest  frame  of  Fig.  86  illustrates  the  movement  of  the 
compressor  characteristics.  These  movements  reach  a  maximum  of 
about  one  percent  of  the  non-dimensional  speed.  The  shape  of  the 
curve  of  modification  of  the  characteristics  resembles  very  much 
the  curve  of  the  factor  F,  as  would  be  expected. 
The  H.  P.  Compressor  clearances  present  a  larger  deviation 
from  the  steady  state  values;.  The  reason  for  this  is  the  larger 
range  of  temperatures  which  the  metal  has  to  undergo  (Fig.  87). 
The  efficiency  changes  are  larger  than  those  of  the  L.  P. 
Compressor,  but  still  too  small  to  have  an  influence  on  the 
transient.  The  factor  F  peaks  at  about  0.14  and  the  modifications 
of  the  characteristics  peak  at  about  four  percent.  The  H.  P. 
Compressor  heat  transfer  effects  peak  at  higher  values  than  those 
of  the  L.  P.  Compressor  but  also  move  faster  towards  stabilisation 
due  to'the  larger  magnitudes  of  the  heat  transfer  coefficients 
and  the  smaller  masses  to  be  heated. 
The  effects  on  L.  P.  and  H.  P.  Turbine  due  to  heat  transfer 
are  shown  in  Figs  88  and  89  respectively.  The  effects  of  heat 
transfer  on  both  turbines  follow  the  same  pattern.  The  sudden 
increase  in  inlet  temperature  at  the  beginning  of  the  transient 
will  produce  clearances  that  are  lower  than  those  at  the  same 
conditions  at  the'steady  state,  The  casing  does  not  have  time 
to  expand  and  open  the  clearance,  while  the  disc  will  not  expand 122 
so  much  due  to  more  effective  cooling.  The  result  is  an  improve- 
ment  in  efficiency  which  can  be  important  in  the  case  of  the  H.  P. 
Turbine.  The  reason  for  this  is  that,  compared  to  the  L.  P. 
Turbine  the  blade  loading  is  much  higher  and  the  blades  are 
shorter  resulting  in  a  higher  value  of  the  non-dimensional 
clearance.  The  factor  F  rises  suddenly  to  a  value  of  about  0.4 
in  the  L.  P.  Turbine,  and  about  0.16  in  the  H.  P.  Turbine.  In 
both  cases  the  large  magnitude  of  these  effects  falls  off  quite 
quickly.  The  second  smaller  peak  that  appears  in  these  curves 
is  due  to  the  bleed  valves  closing,  and  at  this  point  the 
acceleration  proceeds  substantially  faster. 
For  the  two  compressors,  the  heat  transfer  effects 
change  magnitude  in  a  fairly  smooth  fashion  during  the  transient. 
Turbines  onthe!  other  hand  experience  a  sudden  change  of  state 
during  the  first  time  interval.  This  is  the  result  of  the  sudden 
increase  of  fuel  flow  in  the  combustion  chamber,  effectively  a 
step  change  of  fuel  flow  and  of  turbine  inlet  temperature.  This 
is  reflected  in  the  sudden  change  of  the  magnitude  of  the  heat 
transfer  effects  at  the  beginning  of  the  transient. 
Seal  openings  during  a  sea  level  acceleration  are  shown 
in  Fig.  90,  compared  to  the  steady  state  value  at  those  running 
conditions.  The  seal  openings  throughout  the  transient  are 
significantly  larger  than  the  design  speed  steadt  state  values, 
thus  allowing  excessive  amounts  of  coolant  to  escape  from  the 
compressors-, 
During  this  acceleration,  all  the  components  exhibit 
`  large  changes  in  these  transient  effects  when  the  time  is 
about  three  seconds.  After  three  seconds,  the  bleed  valves 
close  when  the  H.  P.  Shaft  reaches  the  required  non-dimensional 
speed,  and  the  engine  accelerates  very  quickly.  The  behaviour 123 
of  the  seals  as  predicted  by  the  simplified  models  used  here  in 
the  engine  transient  programme  follows  closely  the  paths  discussed 
in  Chapter  III. 
When  an  acceleration  at  altitude  is  examined  (Figs  91 
to  95),  the  same  patterns  for  all  the  components  can  be  observed 
but  two  differences  are  evident.  In  general  the  curves  are 
flatter,  and  the  magnitude  of  the  effects  is  smaller.  The 
acceleration  takes  longer  to  be  accomplished  at  altitude.  This 
is  because  the  magnitude  of  the  mass  flow  of  the  engine  is  much 
smaller  than  that  at  sea  level,  while  the  temperatures  are  only 
slightly  reduced  due  to  the  colder  environment.  As  a  result  the 
torques  produced  by  each  component  will  be  reduced.  A  slower 
acceleration  will  result  in  diminished  magnitudes  of  heat  transfer 
affects.  Also  the  reduced  range  of  the  transient  results  in 
smaller  amounts  of  heat  to  be  transferred  between  the  equilibrium 
values  corresponding  to  the  initial  and  final  points  of  the 
transient.  Therefore  the  "peakiness"  of  the  effects  is  not 
so  evident  at  altitude  because  the  acceleration  takes  longer  to 
be  accomplished,  and  the  heat  is  transferred  more  evenly  over  the 
relevant  period  of  time. 
During  a  deceleration  (Figs.  96  to  100),  the  clearance 
of  all-,  the  components  increases  because  the  centrifugal 
contraction  is  fast  while  the  heat  transfer  effects  take  longer 
to  be  accomplished.  However  the  resulting  efficiency  changes 
at  the  end  of  the  transient  are  smaller  than  in  the  acceleration 
because  of  the  reduced  blade  loading  of  the  various  components. 
The  magnitude  of  the  F  factors  for  all  the  components  are 
large  at  the  end  of  the  transient  because  of  the  lower  value  of 
the  work  input  or  output.  Naturally  the  signs  of  all  effects 
are  reversed  because  the  transfer  of  heat  is  from  metal  to  fluid 124 
in  these  circumstances.  As  mentioned  previously  the  effects 
of  heat  transfer  take  longer  to  disappear  in  the  deceleration 
because  the  reduced  mass  flows  and  rotational  speeds  produce 
lower  heat  transfer  coefficients.  For  the  same  reason  these 
effects  retain  their  higher  value  for  a  longer  period  of  time. 
During  the  altitude  transient  and  the  deceleration,  the  seals 
have  non-design  openings.  During  the  deceleration  the  seal 
clearances  are  not  substantially  larger  than  those  of  the  design 
point  because  the  swift  thermal  response  of  the  casing  counter- 
acts  the  contraction  due  to  reduced  centrifugal  stresses.  When 
a  deceleration  is  occurring  the  heat  transfer  effects  tend  to 
improve  the  performance  of  the  components  thus  retarding  the 
transient. 
5.3  EFFECTS  OF  CLEARANCE  MOVEMENTS  ON  TRANSIENTS 
5.3.1  Blade  Tip  Clearances 
As  shown  in  section  5.2,  the  tip  clearances  of  both 
compressors  and  turbines  are  tighter  at  most  points  of  the 
acceleration  speed  transient  than  they  would  be  at  the  same 
engine'  conditions  at  the  steady  state.  The  reason  for  this  is 
that  centrifugal  growth  and  thermal  growth  of  the  blades  are 
the  closing  parameters  which  respond  fastest,  while  the  parameter 
that  opens  the  clearance,  the  casing  thermal  expansion  starts 
being  felt  very  soon  after  the  end  of  the  speed  transiebt, 
The  casing  expansion  is  larger  than  the  disc  expansion  which 
will  bring  the  clearance  to  the  equilibrium  value.  The  reason 
for  this  is  that  the  disc  is  cooled  much  more  effectively  than 
the  casing,  thus  its  final  temperature  change  is  substantially 125 
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lower.  This  transient  clearance  reduction  will  result  in  a 
small  beneficial  effect  on  the  engine's  behaviour.  However, 
during  the  last  stages  of  the  speed  transient  and  the  period 
of  time  immediately  following  this  transient  the  clearances  start 
increasing  with  the  casing  reaching  its  final  temperature,  before 
the  discs.  The  resulting  openings  are  larger  than  those  at  the 
steady  running  condition  and  they  will  produce  a  deterioration 
in  efficiency. 
In  Fig.  101  the  effect  of  efficiency  changes  due  to 
modifications.  in  the  clearances  is  illustrated.  The  only 
component  clearance  that  produced  any  effect  on  the  predicted 
response  of  the  engine  is.  -the  H.  P.  Turbine  clearance.  A  small 
improvement  in  the  predicted  performance  is  the  result  of  the 
inclusion  of  this  effect  on  the  analysis.  The  effect  of  the  other 
components  is  small,  and  whether  their  effect  is  included  or  not 
will  produce  no  noticeable  difference  in  the  engine  response. 
5.3.2  Seal  Clearances 
When  an  engine  is  designed  a  specified  cooling  flow 
is  bled  from  the  compressor  to  several  engine  components,  blades, 
discs,  casings,  etc.  The  seal  opening  is  designed  so  that  at 
a  given  operating  point,  in  general  cruise,  a  predetermined  amount 
of  air  will  be  removed  from  the  cote  flow.  This  has  effect  on 
the  performance  (Fig.  102),  the  cooling  flow  is  allowed  to  leave 
the  compressor  core  flow  through  what  is  called  a  source  seal 
(the  H.  P.  Compressor  seal  investigated  here  is  such  a  seal), 
and  is  allowed  back  into  the  core  gases  through  what  is  termed 
a  sink  seal  (such  as  the  H.  P.  Turbine  disc  seal)  after  they 
have  performed  their  cooling  function.  Some  flows  can  be  thrown 
overboard  (usually  for  other  uses  within  the  aeroplane).  It 126 
is  general  practice  to  have  many  sinks  to  one  source.  The 
flow  bled  through  the  H.  P.  Compressor  seal  in.  this  case  is  sent 
to  the  bypass  duct.  The  H.  P.  Turbine  seal  controls  approxi- 
mately  one  quarter  of  the  cooling  flow  extracted  from  the 
compressor  delivery  of  this  engine.  Both  these  seals  have 
throughout  the  transient  openings  that  exceed  substantially, 
the  edsign  values.  In  such  cases  the  danger  exists  of  sink 
sources  allowing  too  much  flow  back  into  the  core  gases,  and 
if  the  compressor  air  supply  is  not  adequate,  some  of  these 
sinks  will  become  sources,  allowing  hot  turbine  gases  inside  the 
discs.  Serious  engine  damage  can  be  the  result  of  such.  an 
event.  No  attempt  was  made  to  analyse  this  possibility,  in  this 
case,  all  flows  are  assumed  to  follow  their  designed  direction. 
The  engine  behaviour  is  very  criitically  dependent  on  the  amount 
of  overfuelling  at  the  end  of  the  speed  transient.  If  the  fuel 
schedule  is  very  near  the  equilibrium  value  the  transient  will 
last  substantially  longer  than  if  the  opposite  is  happening. 
The  amount  of  overfuelling  on  the  other  hand  is  limited  by  the 
amount  of  surge  margin  available. 
As  Fig.  102  shows,  the  engine  is  very  sensitive  to  the 
seal  flows  being  larger  than  designed.  In  this  case  the  H.  P. 
Turbine  seal  has  the  largest  effect  on  the  transient  because 
the  ratio  of  maximum  seal  opening  to  stabilised  seal  opening 
is  larger  than  that  for  the  H.  P.  Compressor  seal.  The  main 
reason  for  this  situation  is  the  larger  design  opening  of 
the  compressor  seal.  The  movements  of  both  seals  are  approx- 
imately  of  the  same  magnitude,  but  the  turbine  seal  has  a  design 
opening  which  is  nearly  half  that  of  the  compressor  seal.  Thus 
the  ratio  will  be  -double  for  the  former  seal.  Also  to  be  noticed, 
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change  in  the  final  performance  of  the  engine.  Their  effect 
is  limited  to  a  slower  dynamic  response  to  the  fuel  schedule. 
The  seal  clearance  effects  were  also  examined  in  the  steady 
state  mode  to  determine  whether  seals  are  responsible  for 
modifications  in  steady  state  performance.  The  influence  of 
non-design  seal  openings  is  minimal  in  the  steady  state  perfor- 
mance. 
The  effects  on  the  acceleration  rates  shown  here  are  more 
noticeable  than  those  shown  in  an  earlier  published  paper  (Ref. 
73)  because  different  acceleration  schedules  have  been  used. 
5.4  DIRECT  HEAT  TRANSFER  EFFECTS 
5.4.1  Effects  of  Component  Heat  Capacities 
The  influence  of  the  heat  capacity  of  the  components 
on  the  predicted  response  of  the  engine  during  a  trensient  is 
illustrated  in  Figs.  103  and  104.  L.  P.  Compressor  and  L.  P. 
Turbine  influences  are  very  small  and  their  inclusion  in  the 
prediction  method  produces  no  distinguishable  changes  in  the 
results  obtained  with  the  adiabatic  model.  This  is  despite 
the  fa.  c't  that  the  L.  P.  Turbine  experiences  at  some  points  a 
heat  transfer  rate  that  is  nearly  forty  percent  of  the  work 
transfer  rate.  The  inclusion  of  the  H.  P.  Compressor  heat 
capacity  in  the  method  results  in  an  improved  predicted  response 
(Fig.  103),  while  the  effect  of  the  inclusion  of  the  H.  P. 
Turbine  heat  capacity  deteriorates  the  predicted  acceleration 
rate.  When  all  heat  capacities  are  allowed  for  simultaneously, 
a  small  deterioration  in  performance  is  observed.  Noticeable 
is  that  apart  from  the  slightly  slower  response  when  accelerating, 
the  effect  of  including  these  heat  capacities  is  a  significant 128 
reduction  in  the  thrust  developed  at  the  end  of  the  speed 
transients.  This  effect  occurs  when  the  heat  capacities  of 
any  one  of  the  components  is  included,  the  reduction  in  the 
predicted  thrust  when  analysing  the  transient  with  all  the 
components  having  heat  capacity  being  an  addition  of  the 
deteriorations  due  to  each  one  of  them.  This  reduction  in 
thrust  is  experienced  while  the  components  are  absorbing  heat, 
and  gradually  the  steady  state  thrust  value  is  attained  when 
the  components  have  reached  their  equilibrium  temperatures. 
No  such  modification  is  observed  in  the  engine  pressure  ratio 
or  the  rotational  speeds.  These  processes  were  studied  using 
three  methods  of  scheduling  the  fuel  flow  into  the  combustion 
chamber.  In  the  first  method,  the  fuel  flow  has  been  scheduled 
as  a  non-dimensional  function  of  H.  P.  Compressor  pressure  ratio. 
The  other  alternatives  introduced  are  scheduling  fuel  flow  as 
a  function  of  H.  P.  Spool  rotational  speed  or  as  a  function  of 
L.  P.  Spool  rotational  speed.  The  results  are  very  similar 
whichever  of  the  fuel  schedules  is  used. 
The  influence  of  the  inclusion  of  the  heat  capacities 
of  the  components  of  the  L.  P.  Shaft  on  the  prediction  of  the 
response  is  very  small.  This  is  so  because  of  the  smaller 
amount'of  work  produced  in  the  shaft,  which  amounts  to  approx- 
imately  one  half  of  the  work  produced  in  the  H.  P.  Shaft. 
Another  reason  for  the  small  magnitude  of  these  effects  is  the 
reduced  temperature  rise  experienced  by  these'components,  in 
particular  the  compressor. 
5.4.2  Changes  in  Compressor  Characteristics 
As  described  in  the  preViouschapter,  when  heat  is 
exchanged  between  the  engine  metal  and  the  working  fluid,  a 129 
modification  of  the  component  characteristics  is  observed. 
As  in  the  case  of  heat  capacities  and  for  the  same  reasons, 
the  effect  of  changes  in  the  characteristics  of  the  L.  P. 
Compressor  has  a  very  small  effect  on  the  transient.  The  effect 
of  the  H.  P.  Compressor  characteristics  movements  is  very  large. 
This  effect  is  one  of  the  most  important  reasons  why  the  adia- 
batic  analysis  and  the  predictions  with  heat  transfer  effects 
show  large  discrepancies  when  the  results  are  compared. 
When  the  engine  is  analysed  only  with  changes  in  the 
compressor  characteristics,  three  trends  are  immediately  noticed 
in  the  results  obtained  when  comparing  them  to  the  adiabatic 
calculations.  The  first  and  most  evident  of  the  effects  is  the 
considerable  retardation  of  engine  response  due  to  the  changed 
characteristics  of  the  H.  P.  Compressor.  The  second  observation 
to  be  made  is  that  the  thrust  and  engine  pressure  ratio  obtained 
at  the  and  of  the  speed  transient  are  the  same'as  if  the  engine 
was  analysed  in  the  adiabatic  mode.  Thirdly,  the  rotational 
speed  at  the  end  of  the  speed  transient  is  slightly  lower  than 
that  predicted  in  the  adiabatic  case.  This  is  because  although 
the  speed  is  lower  than  in  the  equilibrium  conditions,  the 
"effective  speed"  due  to  heat  transfer  is  that  corresponding 
to  the  final  steady  state  point.  It  was  explained  in  Chapter  IV 
that  characteristic  changes  need  not  be  included  in  the  turbine 
performance  maps,  therefore  the  power  delivered  by  the  turbine 
is  the  same  as  in  the  steady  state.  Consequently  the  compressor 
delivers  the  fluid  at  equilibrium  conditions  but  at  non 
equilibrium  rotational  speeds,  due  to  the  modifications  in  the 
characteristics.  The  rotational  speed  will  gradually  reach 
its  equilibrium  value  when  the  engine  approaches  its  equilibrium 
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5.4.3  Movements  of  the  Surge  Line 
The  models  to  calculate  the  movement  of  the  surge 
line  have  been  included  in  the  prediction  programme.  As  can 
be  observed  in  Figs.  106  and  107,  the  heat  transfer  effects 
produce  an  upwards  movement  of  the  surge  line  in  an  acceleration. 
In  a  deceleration  the  surge  line  is  lowered.  In  most  engines 
this  is  not  of  great  concern  because  the  deceleration  is  the 
least  demanding  transient.  However  it  has  been  illustrated 
in  Chapter  II  that  the  movement  of  the  deceleration  running 
line  can  be  towards  the  surge  line.  The  components  that  show 
this  effect  are  compressors  delivering  their  complete  mass  flow 
to  the  last  compressor  before  the  combustion  chamber,  such  as 
the  I.  P.  Compressor  of  the  turbofans,  or'the  L.  P.  Compressor 
of  the  two-spool  turbojet.  There  is  also  another  case  in  which 
this  lowering  of  the  surge  line  can  be  of  interest.  For  several 
reasons  an  acceleration  may  be  required  immediately  after  a 
deceleration.  When  this  is  the  case  the  initial  fraction  of 
the  acceleration  will  be  carried  out  with  a  smaller  surge  margin 
due  to  the  lower  position  of  the  surge  line.  A  fuller  descrip- 
tion  of  this  transient  is  given  in  the  next  section  of  this 
chapter. 
5.5  INCLUSION  OF  ALL  THE  EFFECTS 
The  inclusion  of  all  these  effects  results  in  a  marked 
increase  in  the  predicted  time  required  for  an  engine  to  attain 
its  desired  state,  when  compared  to  the  adiabatic  prediction. 
In  particular  the  last  four  or  five  percent  of  the  thrust  will 
take  much  longer-to  be  attained.  This  deterioration  is 
influenced  by  the  type  of  fuel  schedule  used.  If  the  fuel  flow 131 
is  scheduled  as  a  non  dimensional  parameter  which  is  a  function 
of  H.  P.  Compressor  ratio,  (Fig.  108)  the  predicted  response  is 
slowed  by  about  one  second.  If  the  fuel  flow  is  scheduled  on 
the  H.  P.  Shaft  rotational  speed  (Fig.  109)  the  speed  response 
is  slowed  by  about  two  seconds.  Scheduling  the  fuel  as  a 
function  of  the  L.  P.  Shaft  rotational  speed  (Fig.  110)  the 
predicted  acceleration  time  is  slowed  by  about  one  second. 
These  fuel  flow  schedules  had  been  devised  to  achieve  similar 
accelerations  with  all  three  when  the  engine  was  analysed  as 
an  adiabatic  system. 
The  effects  that  appear  to  have  the  most  important 
influence  on  the  engine  dynamic  response  are  the  non-design 
,' 
seal  clearances  and  the  movement  of  the  characteristics  of  the 
H.  P.  Compressor.  It  is  interesting  to  notice  that  both  these 
effects  are  "capacity"  effects,  in  which  the  compressor  capacity 
is  altered.  These  effects  alter  the  predicted  response  of  the 
engine  during  the  transient,  but  seem  to  have  a  small  effect 
on  the  final  value  of  the  thrust  that  is  attained.  The  changes 
of  fluid  density  resulting  from  the  heat  exchange  are  of  smaller 
magnitude.  The  latter  seems  to  have  a  large  effect  on  each  of 
the  components  of  the  H.  P.  Shaft,  but  the  effects  act  against 
each  other,  and  the  resulting  influence  is  a  small  slowing  in 
the  response.  The  way  in  which  the  heat  capacities  do  modify 
the  engine  performance  is  the  lower  thrust  that  results  at  the 
end  of  the  speed  transient.  This  reduction  will  gradually 
disappear  as  the  components  slowly  attain  their  equilibrium 
temperature. 
Investigations  to  establish  the  effect  on  engine 
performance  during  a  deceleration  (Fig.  111)  have  established 
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if  analysed  with  heat  transfer  effects.  The  heat  transfer  effects 
will  have  a  larger  effect  in  a  deceleration  because  the  engine 
mass  flows  are  much  lower  at  the  end  of  the  transient.  So  the 
effects  will  be  a  larger  proportion  of  the  useful  work  produced 
in  the  various  components.  These  effects  also  persist  longer 
because  the  heat  stored  in  the  engine  material  is  transmitted 
to  the  air  at  a  reduced  rate  due  to  the  reduced  heat  transfer 
coefficients  resulting  from  reduced  fluid  mass  flows  and  rota- 
tional  speeds. 
These  effects  were  also  investigated  at  altitude  (Fig. 
112),  where  due  to  the  reduced  mass 
the  effects  are  a  larger  proportion 
as  it  would  be  expected,  the  effect 
are  more  important.  The  engine  was 
of  9150m  and  the  flight  Mach  Number 
A  transient  simulation  was 
flows  through  the  engine, 
of  the  work  transfer.  So 
s  on  the  engine  performance 
simulated  at  an  altitude 
assumed  to  be  of  O.  B. 
also  carried  out  on  the 
two-spool  engine  with  separate  exhausts,  to  establish  if  the 
engine  configuration  in  combination  with  the  heat  transfer 
effects  could  have  an  effect  on  the  retarded  response  during 
a  transient.  For  this  purpose  the  component  dimensions  and 
parameters  of  the  two-spool  bypass  engine  with  mixed  exhausts 
were  used,  thus  making  the  engines  identical  but  with  a  different 
exhaust  system.  The  results  of  this  investigation  are  shown 
in  Fig.  113.  it  can  be  seen  that  the  inclusion  of  heat  transfer 
effects  in  the  configuration  produces  approximately  the  same 
changes  in  predicted  transient  performance  as  in  the  mixed 
exhaust  arrangement. 
Fig.  114  shows  a  middle  term  transient  of  the  bypass 
engine  with  mixed  exhausts.  In  this  case,  of  interest  are  the 
movements  of  the  H.  P.  Turbine  inlet  temperature.  When  an  engine 
is  accelerated,  it  has  been  shown  that  the  rotational  speed  of 133 
the  enoine  at  the  end  of  the  speed  transient  will  be  slightly 
reduced  due  to  the  heat  transfer  effects  (Fig.  111,114).  The 
engine  operator  observes  that  the  rotational  speed  has  not 
reached  its  desired  value,  so  he  will  overfuel  the  engine 
slightly.  As  the  thermal  stabilisation  of  the  engine  proceeds, 
a  combination  of  effects  will  force  the  operator  to  reduce  the 
fuel  flow.  At  the  final  stages  of  the  speed  transient,  and 
during  the  period  of  time  immediately  following,  the  blade  tip 
clearances  are  larger  than  what  the  equilibrium  values  would 
be.  This  increase  in  the  clearance  opening  coincides  with  the 
largest  seal  opening  during  the  transient.  The  deterioration 
in  compressor  efficiency  will  result  in  a  higher  compressor 
delivery  temperature.  The  larger  seal  opening  will  allow  a 
larger  amount  of  air  to  leave  the  core  flow  for  cooling 
purposes,  reducing  the  flow  of  air  in  the  combustion  chamber. 
These  two  effects  result  in  a  higher  gas  temperature  at  the 
turbine  entry,  which  when  sensed  by  the  temperature  control 
device,  will  command  a  reduction  in  the  fuel  flow.  The  end 
result  is  a  reduction  of  thrust  soon  after  the  end  of  the  speed 
transient.  This  could  mean  at  or  near  the  point  of  take-off. 
This  phenomenon  has  been  observed  by  several  airline  pilots. 
The  deterioration  of  component  efficiencies  due  to  larger 
values  of  the  tip  clearance,  and  due  to  the  large  seal  openings 
manifests  itself  in  a  gradual  increase  of  the  turbine  inlet 
temperature  of  approximately  50  K.  This  temperature  rise  occurs 
after  the  end  of  the  speed  transient.  Also  noticeable  is  the 
gradual  increase  of  the  thrust  to  the  steady  state  value. 
In  Figs.  115  and  116  a  comparison  of  the  paths  during 
an  acceleration  is  shown.  One  of  the  paths  was  obtained 
analysing  the  engine  as  an  adiabatic  system,  while  heat  transfer 134 
effects  were  allowed  for  in  the  second  prediction.  It  can  be 
noticed  that  the  acceleration  including  the  heat  transfer  effects 
results  in  a  path  further  away  from  the  surge  line  than  the 
path  predicted  with  the  adiabatic  model.  Also  the  surge  line 
has  moved  away  from  the  running  line  so  there  is  an  increase 
in  the  surge  margin.  This  movement  of  the  surge  line  leads  to 
the  investigation  of  the  events  occurring  in  a  "Bodie" 
transient.  This  transient  consists  of  allowing  the  engine  to 
reach  thermal  equilibrium  at  maximum  speed,  the  decelerating, 
and  before  the  components  have  cooled  to  their  new  equilibrium 
values,  accelerating  again  to  maximum  speed.  This  transient 
is  illustrated  in  Figs.  1-17  and  118  where  an  acceleration  is 
performed,  and  the  engine  is  allowed  to  attain  the  equilibrium 
temperatures.  After  stabilising  the  engine,  a  deceleration 
followed  by  another  acceleration  is  carried  out,  before  the 
engine  cools  down  after  the  deceleration.  At  this  point  the 
surge  margin  has  been  reduced  due  to  the  heat  transfer  effects, 
and  the  engine,  because  of  these  effects  will  follow  a  path 
nearer  to  the  surge  line.  A  short  period  of  time  will  elapse 
before  the  heat  transfer  effects  will  raise  the  surge  line  to 
its  adiabatic  position.  Beyond  this  point  the  surge  line  is 
higher'than  the  adiabatic  value,  but  always  lower  than  the  surge 
line  position  during  a  cold  acceleration.  Fig,  119  illustrates 
the  engine  performance  during  this  transient.  In  this  illus- 
tration  an  adiabatic,  a  cold  and  a  hot  acceleration  are  com- 
pared.  It  is  interesting  to  notice  that  the  hot  acceleration 
is  the  fastest  of  the  three.  It  is  also  the  acceleration  with 
the  smallest  surge  margins.  However  after  the  end  of  the  speed 
transient,  the  thrust  is  not  as  high  as  that  of  an  adiabatic 
system,  despite  being  slightly  better  than  that  of  the  cold 135 
acceleration. 
5.6  OTHER  EFFECTS  AND  PARAMETERS 
In  addition  to  the  heat  transfer  effects  discussed 
above,  there  are  some  other  influences  which  can  affect  the 
performance  of  gas  turbines.  Some  of  the  effects  which  have 
to  be  investigated  are  the  effects  of  the  extent  of  mixing, 
the  effect  of  pressure  on  the  value  of  specific  heat,  the 
incorporation  of  reheat  and  the  choices  available  for  scheduling 
the  engine  fuel  flow. 
5.6.1  Mixing 
When  investigating  an  engine  where  the  core  exhaust 
gases  and  the  bypass  flow  are  mixed,  an  uncertainty  arises  as 
to  the  degree  to  which  the  cold  and  hot  streams  are  mixed.  If 
the  flows  are  of  similar  magnitudes,  a  significant  change  in 
performance  can  result  from  different  degrees  of  mixing  of  the 
flows.  In  the  engine  analysed,  these  flows  are  approximately 
of  the  same  magnitude.  In  the  programme  a  capability  has  been 
introduced  to  mix  any  fraction  of  the  core  flow  with  any  fraction 
of  the  bypass  flow.  Thus  it  is  assumed  that  at  the  exit  of  the 
nozzle,  a  minimum  of  one,  and  a  maximum  of  three  gas  flows  are 
discharged.  These  flows  are  a  mixed  flow,  a  cold  one  and  a 
hot  core  gas  flow,  the  fraction  of  the  total  each  accounts  for 
depending  on  the  degree  of  mixing  chosen.  The  results  of 
analysing  the  engine,  assuming  complete  mixing  in  one  case, 
and  no  mixing  in  the  other,  are  shown  in  Fig.  120  for  the  sea 
level  case.  When  intermediate  degrees  of  mixing  are  assumed, 
the  predicted  performance  of  the  engine  will  lie  between  the 136 
two  extremes.  The  most  noticeable  features  are  the  effect  on 
the  thrust  and  on  the  speed  of  the  L.  P.  Shaft  at  the  higher 
fuel  flow  ranges.  When  complete  mixing  occurs  the  thrust  is 
raised  by  about  four  percent  and  the  L.  P.  Shaft  speed  is 
lowered  by  about  five  hundred  R.  P.  1°.,  compared  to  the  case 
when  mixing  is  not  allowed  to  occur.  This  implies  a  better 
specific  fuel  consumption  of  about  four  percent.  The  effects 
at  medium  and  lower  fuel  flows  are  of  a  smaller  magnitude. 
The  effect  on  engine  pressure  ratio  is  not  illustrated  because 
it  is  small. 
The  different  approach  to  mixing  in  the  mixer  duct 
produces  no  difference  in-the  time  that  the  engine  takes  to 
accelerate  or  decelerate.  This  investigation  was  also  carried 
out  at  a  simulated  altitude  of  9150m  and  flight  Mach  Number 
of  O.  B.  The  results  are  shown  in  Fig..  121.  At  altitude  the 
effect  of  the  degree  of  mixing  is  larger.  The  improvement 
on  specific  fuel  consumption  is  of  the  order  of  eight  percent. 
In  this  situation  the  L.  P.  Shaft  speed  change  is  even  more 
significant  than  at  sea  level,  about  eight  hundred  R.  P.  M. 
The  effect  on  overall  pressure  ratio  is  very  small.  If  the 
ram  compression  due  to  the  forward  speed  of  the  aeroplane  is 
included,  the  maximum  overall  engine  pressure  ratio  is  about 
25.  In  general  when  an  engine  with  a  mixing  duct  is  analysed 
as  if  no  mixing  occurred,  the  performance  of  this  engine  is 
not  distinguishable  from  an  engine  with  separate  exhausts, 
despite  the  fact  that  for  the  engine  with  mixed  exhausts,  the 
requirement  of  similar  static  pressure  ratio  at  the  mixing 
control  volume  must  be  satisfied. 
Another,  '  simpler  method  of  analysing  the  mixing  pro- 
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good  approximation  is  to  assume  that  the  fluid  static  pressure 
during  the  mixing  process  remains  unchanged.  This  method  gives 
the  same  answers  as  the  previously  described  method,  It  was 
adopted  as  a  trial,  and  it  saved  a  small  amount  of  conputing 
time  (about  one  to  two  percent)  in  the  simpler  engines,  but 
less  in  the  more  complex  engines.  For  this  reason  the  correct 
method,  previously  described,  is  the  one  adopted  in  the 
prediction  procedure. 
Cullom  and  Johnsen  (Ref.  12)  carried  out  experimental 
work  on  a  two  spool  turbofan,  and  they  found  improvements  in 
thrust  similar  to  those  predicted  above.  Their  experiments 
were  carried  out  in  a  two-spool  turbofan  with  bypass  ratio  of 
unity  and  an  overall  compressor  pressure  ratio  of  17.  Their 
engine  had  a  variable  length  tailpipe,  and  a  demountable  mixer 
chute  which  was  the  key  to  the  experiment.  The  pressure  loss 
reported  due  to  the  inclusion  of  this  device  was  small. 
Unfortunately  their  work  was  limited  only  to  the  high  end  of 
the  performance  spectrum  of  the  engine.  Tests  were  conducted 
for  simulated  altitude  conditions  for  both  subsonic  and 
supersonic  flight.  Gains  of  similar  magnitude  are  claimed  for 
a  version  of  a  commercial  three-spool  turbofan,  when  a  version 
of  the''engine  with  separate  exhausts  was  to  be  modified  to  a 
mixed  exhaust  configuration  (Ref.  90). 
In  addition  there  are  other  locations  where  nixing  of 
the  flows  can  occur.  All  engines  have  some  cooling  flows 
removed  from  the  compressors,  and  returned  to  the  core  flows 
at  some  point  in  the  engine.  These  flows  are  small  and  the 
method  of  returning  them  to  the  core  flow  will  not  p:  cduce  a 
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5.6.2  Effect  of  Pressure  on  Specific  Heat  Capacity  of  Air 
A  very  important  parameter  in  the  evaluation  of  gas 
turbine  performance  is  the  value  of  the  specific  heat  of  the 
gases  used  in  the  thermodynamic  calculations.  The  specific 
heat  at  constant  pressure  of  air  at  temperatures  near  ambient 
is  slightly  affected  by  pressure.  At  higher  temperature  this 
dependence  becomes  very  small  (Ref.  19).  In  the  programme  this 
specific  heat  at  a  pressure  of  one  atmosphere  is  calculated 
with  a  fourth  order  polynomial  fit  as  a  function  of  temperature. 
The  specific  heat  at  constant  volume  is  then  calculated  at  ' 
atmospheric  pressure  by  subtracting  the  air  gas  constant  which 
remains  nearly  constant  for-all  the  relevant  temperature  ranges 
(again  at  atmospheric  pressure).  The  specific  heat  at  constant 
volume  at  temperatures  above  280  K  is  insensitive  to  pressure. 
At  lower  temperaturesthe  effect  is  very  small,  so  a  satisfactory 
approximation  is  to  assume  that  on  the  working  range  the  specific 
heat  at  constant  volume  is  independent  of  pressure.  Once  the 
two  specific  heat  values  are  determined,  the  specific  heat  at 
constant  pressure  is  adjusted  for  pressure  according  to  infor- 
mation  given  in  Ref.  19.  The  new  value  of  specific  heat  at 
constant  pressure  is  then  used  to  evaluate  the  ratio  of  specific 
heats.  For  the  turbines,  a  correction  factor  is  applied  to  the 
specific  heat  of  air  to  account  for  the  presence  of  combustion 
products.  This  correction  factor  is  a  function  of  temperature 
and  of  air  to  fuel  ratio.  For  this  purpose  it  must  be  assumed 
that  air  and  combustion  gases  have  the  same  molecular  weight  so 
the  gas  constant  R  is  the  same  for  both.  The  agreement  of  the 
values  of  specific  heat  and  ratio  of  specific  heats  with  those 
published  in  Ref.  28  is  good.  This  method  is  accurate  to  within 
one  percent  on  the  value  of  specific  heats  and  to  within  0.2 139 
Parameter  Fuel  Standard  Standard  With  Effect 
From  min  From  max 
0.10  1.1161  1.1161  1.1161 
L.  P.  C.  Po/Pi  0.50  1.9245  1.9334  1.6787 
0.95  2.4177  2.4179  2.4187 
0.10 
L.  P.  C.  R.  P.  M.  0.50 
0.95 
0.10 
H.  P.  C.  Po/Pi  0.50 
0.95 
2808.6 
6986.9 
8311.0 
280B  .7 
6987.0 
8313.1 
2807.4 
6860.1 
8273.9 
2.5684 
6.7668 
7.6195 
0.10  6906.3 
H.  P.  C.  R.  P.  M.  0.50  10415.1 
0.95  11474.8 
2.5684 
6.7881 
7.6331 
6906.0 
10412.7 
11470.1 
2.5674 
6.6620 
7.5854 
6903  .1 
10267.8 
11383.7 
0.10  752.8  752.7  753.6 
Turb.  I.  T.  0.50  1125.6  1125.3  1100.6 
0.95  1390.9  1392.2  1368.7 
0.10  3635.7  3635.6  3635.0 
Thrust  0.50  36974.6  36976.8  '36690.3 
0.95  55710.9  55713.0  54988,9 
Table  4. 
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percent  for  the  ratio  of  the  specific  heats  when  compared  to 
the  values  of  Ref.  28.  The  effect  of  pressure  on  the  value 
of  specific  heat  on  a  standard  day  is  too  small  to  be 
observed,  so  a  very  cold  day  (248  K)  and  a  very  high  ambient 
pressure  (1C5.3  kPa)  have  been  chosen.  The  effects  of  these 
calculations  is  too  small  to  be  shown  graphically,  so  it  is 
presented-in  tabular  form  in  table  4.  In  some  cases  the  effects 
are  smaller  than  the  errors  due*to  tolerances.  The  effect  is 
most  significant  at  a  medium  speed,  where  temperatures  are  not 
so  high  as  to  reach  the  point  where  the  effect  is  negligible, 
yet  pressure  are  high  enough  for  the  effect  to  be  noticed.  - 
If  the  test  were  conducted-at  altitude,  the  absolute  pressures 
would  be  too  low  for  this  effect  to  be  felt.  The  most 
important  effect  is  a  reduction  of  about  25  K  in  the  predicted 
turbine  inlet  temerature.  No  effect  whatsoever  was  detected 
on  the  transient  behaviour  of  the  engine. 
5.6.3  Altitude  Operation 
The  performance  of  an  engine  is  different  at  altitude 
from  that  at  sea  level.  Figs.  122  to  125  show  the  altitude 
performance,  both  steady  state  and  transient,  of  the  two-spool 
bypass  engine.  These  figures  show  that  for  a  given  fuel  flow 
the  engine  R.  P.  M.,  are  much  higher  at  altitude  than  at  sea 
level.  This  is  of  course  due  to  the  much  lower  air  mass  flow 
passing  through  the  engine.  The  thrust  is  lower  for  the  same 
reason  and  also  because  of  the  forward  speed  of  the  aeroplane. 
5.6.4  Fuel  and  Fuel  Scheduling 
The  calorific  value  of  the  fuel  used  in  this  work  is 
43.15  'PQ/Kg  but  any  other  kind  of  fuel  can  be  used  instead. 141 
As  previously  stated,  three  types  of  fuel  schedules  have  been 
introduced.  In  the  first  the  fuel  flow  is  scheduled  with  the 
H.  P.  Shaft  rotational  speed,  in  the  second  the  fuel  is  scheduled 
with  the  L.  F.  Shaft  rotational  speed,  and  the  third  schedules 
the  non-dimensional  fuel  mass  flow  on  the  function  of  the  H.  P. 
Compressor  pressure  ratio.  This  last  schedule  is  the  kind  used 
in  practice.  These  schedules  have  also  been  described  in  Chapter 
II.  These  are  loaded  as  polynomial  fits  of  up  to  the  third 
power. 
This  method  of  loading  the  fuel  function  is  to  be  used 
only  when  a  known  fuel  schedule  is  to  be  employed.  Fuel  now 
functions  may  not  be  known  at  the  design  stage,  so  it  is 
necessary  to  optimise  this  parameter  as  well.  For  this  reason, 
a  second  way  of  loading  the  fuel  function  is  possible.  The 
fuel  schedule  variable,  and  the  parameter  against  which  it  is 
scheduled  can  be  loaded  point  by  point,  and  interpolation 
between  them  carried  out.  In  this  way,  if  the  performance  of 
the  engine  at  a  given  point  is  not  considered  satisfactory, 
the  fuel  schedule  is  changed  only  at  the  point  being  considered. 
When  the  data  of  an  engine  are  loaded  to  the  computer, 
two  fuel  schedules  are  loaded.  One  for  an  acceleration  and 
one  for  a  deceleration.  The  fuel  schedules  must  be  of  the  same 
type,  a  function  of  the  same  variable.  One  of  the  data  para- 
meters  is  a  control  variable  that  defines  the  combination  of 
transients  to  be  studied.  Eight  such  different  combinations 
are  possible  -  combinations  of  acceleration,  deceleration  and 
steady  state  runs. 
Another  factor  that  can  have  a  small  effect  on  the 
transient  performance  of  a  gas  turbine  is  the  type  of  burner 
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investigating  engine  test  data  he  discovered  that  there  was 
a  "dead  time"  before  the  engine  started  to  respond  to  the 
increased  fuel  flow.  It  was  observed  that  the  "dead  time" 
was  different  for  engines  with  vapourising  burners,  when 
compared  to  those  with  atomising  burners.  The  reason  for  this 
dead  time  is  the  following.  When  the  fuel.  controlling  valve 
allows  more  fuel  into  the  combustion  chamber,  some  time  will 
elapse  until  this  increased  flow  reaches  the  combustion  chamber. 
When  the  combustion  chamber  is  reached,  there  is  a  further  delay 
in  the  rise  of  the  flame  temperature.  Before  being  burnt,  the 
droplets  have  to  be  vapourised,  and  for  this,  energy  has  to 
be  extracted  from  the  combustion  chamber  environment.  '  When 
the  increased  fuel  flow  reaches  the  chamber,  there  is  an 
increased  amount  of  energy  absorbed  for  vapourising  fuel,  so 
there  will  be  a  small  decrease  in  the  combustion  chamber 
temperature.  This  is  the  reason  for  the  initial  "dead  time". 
During  the  transient  a  similar  effect  must  be  present.  Since 
the  fuel  flow  is  constantly  increasing,  the  energy  absorption 
for  vapourisation  will  be  provided  by  a  smaller  quantity  of  fuel 
than  in  the  steady  state.  This  is  the  case  until  a  steady  fuel 
flow  is  reached.  No  attempt  has  been  made  to  quantify  this 
effect;  because  apart  from  an  initial  "dead  time",  the  effect 
is  small  when  compared  to  heat  exchanges  between  engine  material 
and  working  fluid.  Gas  turbines  are  designed  with  one  of  the 
two  types  of  burner  previously  stated.  The  atomising  burner, 
delivers  a  spray  of  small  fuel  droplets  into  the  flame.  The 
vapourising  burner  feeds  the  fuel  in  vapour  form.  Thomson, 
(Ref.  88)  quotes  that  the  time  lag  associated  with  an  atomising 
burner  is  about  twenty  milliseconds.  The  time  lag  for  the 
vapourising  burner  is  between  fifty  and  eighty  milliseconds. 143 
The  difference  may  be  due  to  the  thermal  capacity  of  the 
vapourisin  coil. 
Returning  to  the  methods  employed  in  the  present  work, 
the  engine's  response  to  a  step  increase  in  fuel  flow  was 
investigated  to  check  whether  the  various  numerical  approxi- 
mations  were  valid.  The  results  of  this  test  are  shown  in  Fig. 
126.  The  variables  shown  are  the  shaft  rotational  speeds,  the 
thrust  and  the  engine's  pressure  ratio.  This  test  was  conducted 
at  sea  level,  static  conditions.  The  increase  in  fuel  flow 
was  from  0.5kg/s  to  0.55kg/s,  and  the  decrease  in  fuel  flow 
taken  was  from  0.50kg/s  to  0.45kg/s.  This  intermediate  level 
of  fuel  flow  was  chosen  with  the  intention  of  operating  the 
engine  far  from  the  idle  conditions,  where  the  step  increase 
could  be  a  large  proportion  of  the  total  fuel  flow,  but  not 
too  near  the  design  point  where  the  engine  is  supposed  to 
operate  under  its  optimum  conditions.  It  can  be  observed  from 
Fig  126,  that  the  engine's  behaviour  following  the  decrease  in 
fuel  flow  is  the  reverse  of  that  following  the  increase  in 
fuel  flow,  all  curves  being  nearly  symmetric  about  the  starting 
steady  state  point  condition.  This  indicates  that  the  rates 
of  change  of  the  various  parameters  are  the  same  at  a  point 
whether  an  acceleration  or  a  deceleration  is  considered.  The 
consistency  is  very  good  for  engineering  purposes.  This  test 
was  repeated  for  the  same  altitude  conditions  as  for  the  other 
tests.  In  this  case  the  step  change  in  fuel  flow  was  of  0.03 
kg/s  upwards  or  downwards  from  a  fuel  flow  of  0.3kg/s.  The 
results  of  this  test  are  shown  in  Fig.  127.  Again  the  results 
show  the  same  trends  as  those  noted  in  the  sea  level  static 
case,  althcugh  there  are  noticeable  differences.  One  difference 
is  the  loncer  time  that  the  engine  takes  to  reach  the  neu  steady 144 
state  condition.  This  effect  has  been  observed  in  tests, 
and  has  been  predicted  from  the  early  fifties  (Ref.  66).  The 
other  difference  is  that  the  curves  obtained  for  the  L.  P. 
Shaft  rotational  speed  are  not  quite  symmetrical.  The 
significant  section  of  the  graph,  that  immediately  following 
the  step  increase  in  fuel  flow,  is  symmetrical  as  desired. 
The  above  tests  have  shown  that  the  procedure  of 
using  as  many  non  dimensional  rotational  speed  lines  as  possible, 
and  interpolating  between  them,  will  produce  realistic  results. 
It  has  been  suggested  that  interpolating  with  higher  prder 
routines  will  give  better  accuracy.  The  problem  with  this 
procedure,  is  that  irregularities  that  may  be  present  at  some 
points  of  the  characteristics,  such  as  kinks,  or  bleed  valves 
being  opened  or  closed,  will  have  an  effect  on  the  non  dimen- 
sional  speed  line  that  is  to  be  interpolated.  Depending  on  the 
order  of  the  interpolating  routine,  the  effect  of  these  dis- 
continuities  will  be  felt  at  points  distant  from  the  irregu- 
laritie(s).  This  effect  is  undesirable,  and  is  minimised  by 
linear  interpolation.  The  basic  disadvantage  of  linear 
interpolation  is  inaccuracy,  but  this  is  satisfactorily  remedied 
by  the  provision  of  information  at  as  many  non  dimensional 
speed  lines  as  possible. 
￿S 
5.6.5  Reheat 
This  feature  is  a  standard  accessory  for  all  super- 
sonic  aircraft.  It  augments  thrust  significantly  without  the 
need  to  install  heavier  engines  on  an  aeroplane  that  will 
require  a  large  thrust  only  sporadically  in  its  flight  programme. 
In  essence  it  is  the  addition  of  fuel  before  the  core  gas  is 
discharged  to  the  atmosphere.  In  the  programme  it  is  simulated 145 
as  such  with  a  pressure  loss  due  to  the  extended  length  of 
the  final  duct.  The  reheat  fuel  flow  can  be  switched  off  if 
it  is  desired  to  simulate  such  an  engine  operating  in  the  "dry" 
mode.  The  aircraft  operating  this  type  of  encine  have  final 
nozzles  of  variable  area  to  accommodate  the  flow  of  gas  of 
reduced  density  because  of  the  higher  temperature.  All  the 
reheat  parameters,  fuel  flow,  pressure  loss  and  nozzle  area 
schedule  are  loaded  as  a  function  of  the  H.  P.  Shaft  rotational 
speed.  When  an  engine  is  designed  with  afterburning  capability, 
the  design  criterion  used  is  to  schedule  the  nozzle  area  in 
such  a  way  that  the  gas  generator  working  points  will  be  the 
same  as  for  the  design  condition  when  used  in  the  "dry  mode", 
with  the  aim  of  obtaining  the  best  efficiency  from  the  engine 
components.  The  mode  of  operation  when  in  a  transient,  is 
to  perform"the  transient  with  no  reheat  in  the  tailpipe,  and 
once  the  desired  engine  state  is  achieved,  to  light  the  after  - 
burner. 
The  steady  state  performance  of  the  two-spool  bypass 
engine  is  shown  in  Fig.  128.  The  engine  works  in  the  "dry" 
mode  up  to  the  point  where  fuel  flow  into  the  combustion 
chamber  reaches  the  maximum  value  of  0.85kg/s  after  which  the 
reheat'is  lit.  From  these  figures  it  can  be  observed  how  the 
engine  state  has  remained  unchanged  by  altering  the  final  nozzle 
area.  The  engine  outlet  flow  has  been  assumed  tc  be  fully  mixed. 
The  fuel  flow  at  the  reheat  chamber  reaches  a  maximum  of  2.05 
kg/s.  This  is  a  total  fuel  flow  of  2.90kg/s  or  approximately 
three  and  a  half  times  the  maximum  fuel  flow,  in  the  combustion 
chamber.  The  increase  in  thrust  has  been  of  the  order  of  fifty 
percent.  This  illustrates  that  reheat  is  an  inefficient  way 
of  providing  additional  thrust.  This  is  why  it  is  used  in 146 
aircraft  that  would  only  sporadically  use  the  increased  thrust, 
relying  for  a  large  part  of  their  operational  life  on  the  "dry" 
thrust.  This  avoids  the  need  of  carrying  a  larger  engine  that 
would  not  be  used  at  its  full  power  very  frequently.  At 
altitude  the  specific  fuel  consumption  will  be  better  when  the 
reheat  is  lit,  when  compared  to  the  ground  static  case,  but 
still  not  as  good  as  the  engine  operating  in  the  "dry"  mode. 
The  reason  for  the  specific  fuel  consumption  in  flight 
deteriorating  at  a  lower  rate  than  that  at  sea  level  is  because 
the  ratio  of  the  pressure  in  the  reheat  chamber  to  ambient 
pressure  is  greater  in  flight  than  when  static.  The  heat  addition 
is  therefore  more  efficient  thermodynamically. 
In  the  reheat  mode,  the  final  nozzle  area  was  increased 
by  approximately  fifty  percent  to  discharge  the  lower  density 
exhaust  without  changing  the  operating  point  of  the  gas  generator. 
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CHAPTER  VI 
DISCUSSION  OF  THE  PREDICTION  METHOD 
6.1  INTRODUCTION 
In  Chapter  II  a  method  has  been  proposed  to  produce 
more  efficient  convergence.  It  is  due  to  this  procedure  that 
the  computation  of  engine  performance  is  efficient.  In  the 
same  chapter  the  method  of  constant  mass  flow  has  been  selected 
to  carry  out  this  investigation.  This  model  assumes  that  the 
engine  mass  flow  is  constant  at  any  instant  at  all  operating 
conditions.  In  this  section  these  assumptions  are  examined. 
6.2  Computing  Efficiency 
As  shown  in  Fig.  130,  the  time  required  for  the  mass 
flow  continuity  equation  to  be  solved,  by  means  of  the 
convergence  method  previously  described,  increases  proportion- 
ately  with  the  number  of  components  constituting  the  engine. 
In  general,  engines  with  mixed  exhausts  take  slightly  longer 
to  converge,  when  compared  to  either  turbojet  engines  or  to 
engines  with  separate  exhausts.  The  reason  for  this  is  the 
additional  convergence  requirement  at  the  nixing  duct.  If  an 
engine  is  to  be  analysed  with  the  inclusion  of  heat  transfer 
effects,  a  certain  fixed  time  is  required  per  disc  analysed. 
The  programme  is  built  in  such  a  way  that  all  the  heat  transfer 
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the  analysis  by  setting  control  variables  as  required.  In  the 
case  of  the  two-spool  bypass  engine,  six  discs  were  analysed. 
The  additional  computing  time  for  these  six  discs  is 
approximately  eighty  percent.  Another  aspect  of  the  programme 
that  was  looked  at  is  the  effect  of  tolerances  on  the  results 
produced  by  the  computer.  The  programme  has  to  converge  at 
various  points  to  a  desired  value,  depending  on  the  engine 
configuration  and  on  the  operating  point.  A  minimum  of  one, 
and  a  maximum  of  two  plus  the  number  of  choked  turbines  will 
be  the  maximum  number  of  occasions,  where  the  procedure  has  to 
converge  to  a  required  value.  The  minimum  of  one  is  for  the 
mass  balance  at  the  final  nozzle.  If  an  engine  has  mixed 
exhausts,  another  convergence  procedure  is  introduced,  when 
calculating  the  static  pressures  of  the  flows  before  mixing. 
Further  if  any  turbines  are  choked  this  will  involve  another 
convergence  procedure  to  obtain  a  value  for  the  mass  flow 
function  at  entry  to  the  choked  turbine.  The  effect  of  the 
tolerances  at  these  tests  has  been  investigated  to  establish 
their  effect  on  engine  calculations.  From  the  outset  the 
tolerances  of  the  final  nozzle  and  the  mixing  duct  were  set 
very  tight,  and  when  increased  or  decreased  by  a  factor  of 
two  they'produced  no  effect  on  the  calculated  performance  of 
the  engine.  The  tolerance  of  the  turbine  choking  band  has  to 
be  set  at  a  value  of  less  then  0.0025  of  the  maximum  value  of 
the  mass  flow  function  of  the  particular  non-dimensional  steed 
line.  If  the  value  is  larger,  the  engine  will  converge  at 
points  that  can  result  in  slightly  different  performance  levels 
depending  on  the  history  of  the  previous  calculations.  These 
investigations  were  carried  out  in  the  steady  state,  and  the 
effect  of  increased  tolerances  revealed  itself  in  fluctuat'_ors 149 
of  the  predicted  performance  about  some  point.  The  larger  the 
tolerance,  the  larger  the  fluctuations  would  be.  When  the 
value  of  the  tolerance  was  set  at  about  one  percent,  the 
fluctuations  would  be  of  up  to  200  R.  P.  M.,  halving  the  tolerance 
to  half  the  previous  value,  the  fluctuations  would  be  reduced  to 
about  50  R.  P.  M.,  and  when  the  tolerances  were  reduced  to  their 
final  value,  the  fluctuations  were  of  about  10  R.  P.  M.,  this 
being  about  0.1  percent  of  the  design  rotational  speed.  The 
fluctuations  in  the  values  obtained  for  the  thrust  were  of  a 
similar  order.  The  smaller  fluctuations  do  not  occur  from  one 
interval  to  the  other,  but  take  a  few  time  intervals.  For  this 
purpose  a  very  small  time  interval  was  set  to  minimise  the 
influence  of  nonlinearity  of  the  acceleration.  All  these  tests 
were  carried  out  with  double  precision,  that  is  to  sixteen 
significant  figures,  to  minimise  the  effect  of  the  rounding  off 
error  in  the  computer.  The  programme  will  give  satisfactory 
accuracy  in  single  precision,  this  being  eight  significant 
figures  for  the  calculations. 
An  examination  was  made  of  the  effect  of  changing  the 
time  interval.  At  sea  level  all  engines  were  found  to  be 
adequately  simulated  with  time  steps  of  0.05  seconds  (adequate 
simulation'  means  that  a  reduction  of  the  time  interval  by  one 
half  produced  no  significant  alteration  in  the  predictions). 
When  analysing  the  engine  at  altitude  it  was  found  necessary 
to  reduce  the  time  step  to  one  half  the  sea  level  optimum,  that 
is  to  0.025  seconds  to  obtain  a  reasonable  engine  simulation. 
Throughout  this  work,  the  time  step  has  always  been 
larger  than  the  critical  time  interval.  This  time  interval 
is  given  by  the  time'a  pressure  wave  will  take  to  traverse  the 
length  of  the  engine.  In  gas  turbine  practice  this  critical 150 
time  interval  in  very  rare  circumstances  will  exceed  0.01 
seconds.  If  shorter  time  intervals  uere  required,  the  method 
will  still  be  satisfactory,  only  the  calculation  of  the  first 
time  step  during  a  transient  will  not  be  accurate. 
6.3  VALIDITY  OF  THE  ASSUMPTION  OF  CONSTANT  MASS  FLOW 
An  investigation  to  confirm  the  validity  of  the 
assumption  of  constant  mass  flow  was  considered  necessary. 
This  assumption  is  probably  the  weakest  aspect  of  the  present 
method.  If  the  engine  gases  are  assumed  to  be  perfect,  the 
perfect  gas  equation  (6.1)  will  hold.  This  principle  is  shown 
with  the  mass  as  the  subject  of  the  expression. 
m_ 
PV 
RT 
(6.1) 
The  pertial  derivatives  with  respect  to  time,  the  volume  being 
constant,  are  then  given  by  equation  (6.2). 
dm  U  dP  PV  dT 
7t  T  7t 
RT2  dt 
(6.2) 
If  it  is  assumed  that  the  time  interval  is  small  enough  to 
allow  the  equation  to  be  linearised,  the  above  expression 
becomes  equation  (6.3). 
Qm  V  AP  PV  AT 
At  RT  at 
RT2 
At  (6.3) 
This  analysis  was  carried  out  during  several  instants  during 
an  acceleration  of  the  two-spool  bypass  engine.  A  typical 151 
volume  was  chosen  for  this  investigation.  The  volume  chosen 
was  the  duct  leading  the  core  gases  from  the  L.  P.  Turbine 
outlet  to  the  mixer  nozzle.  This  particular  volume  was  chosen 
for  two  impo:  tant  reasons.  Firstly,  it  is  a  volume  of  consi- 
derable  size,  and  from  equation  (6.3)  the  size  of  the  volume 
has  an  influence  on  the  mass  flow  imbalance.  The  second 
reason  that  led  to  the  choice  of  this  volumeis  that  it  is 
downstream  of  the  combustion  chamber,  thus  any  temperature 
changes  due  to  increased  fuel  flow  would  be  reflected  in  this 
volume.  This  was  the  reason  why  the  bypass  duct  was  not 
selected.  This  duct,  although  of  larger  volume,  would  not 
reflect  the  drastic  temperature  changes  due  to  sudden  increases 
in  fuel  flows.  From  these  calculations  it*was  established  that 
the  two  terms  are  of  similar  magnitude  throughour  the  transient, 
as  a  result  they  cancel  out.  Only  when  the  step  fuel  flow 
increase  was  introduced,  was  the  difference  substantial-  about 
three  percent  of  the  core  mass  flow.  As  would  be  expected,  in 
this  case  the  temperature  term  dominated.  The  mass  flow 
storage  thus  indicated  was  of  a  negative  sign.  In  this  first 
instant,  the  mass  flow  imbalance  was  slightly  over  three  percent 
of  the  core  flow,  and  about  one  percent  of  the  total  mass  flow. 
From  the-next  time  interval  onwards,  where  the  fuel  flow  was 
increased  by  a  smooth  schedule,  with  no  discontinuities,  the 
two  terms  were  of  similar  size,  and  the  resulting  mass  storage 
was  always  less  than  0.4  percent  of  the  core  flow.  In  this 
case  the  time  interval  chosen  was  of  0.05  seconds.  This  time 
interval  is  seven  times  larger  than  the  time  necessary  for  a 
pressure  wave  to  traverse  the  length  of  the  engine.  If  the 
time  interval  is  reduced  below  this  critical  time  interval  it 152 
would  be  necessary  to  include  the  effects  of  the  pressure 
dynamics.  This  is  the  reason  why  this  effect  shows  up 
only  in  the  first  time  interval. 153 
CHAPTER  VII 
CONCLUSION 
A  method  to  evaluate  the  steady  state  and  transient 
performance  of  gas  turbine  engines  has  been  developed.  This 
method  has  been  incorporated  into  a  computer  programme  that 
can  analyse  any  gas  turbine-configuration  in  existence  or 
likely  to  be  designed  in  the  near  future. 
The  programme  uses  the  method  of  constant  mass  flow 
as  the  basis  for  the  evaluation  of  gas  turbine  performance. 
The  greatest  difficulty  that  has  been  encountered  hitherto 
in  this  method  is  the  achievement  of  efficient  convergence  to 
the  requirec  value  of  the  mass  flow.  This  problem  was  overcome 
in  the  present  work  by  designing  a  routine  that  incorporates 
a  self-adjusting  variable  exponent  in  the  function  that  governs 
the  iteration  processes.  This  method  proved  most  satisfactory 
even  when  the  most  complex  engines  presently  in  service  were 
analysed.  it  can  be  said  that  if  the  characteristics  of  the 
components  are  compatible,  convergence  should  be  obtained. 
Once  confidence  in  the  method  was  acquired,  the 
programme  was  extended  to  analyse  eleven  different  configurations 
of  single  o:  multi-shaft  engines  and  of  any  bypass  arrangement. 
Characteristics  for  most  of  these  engines  were  not  available, 
so  they  had  to  be  generated.  This  was  done  by  introducing  scale 
factors  on  :  he  characteristics  of  known  engines  (four  in  total) 154 
or  they  were  generated  from  steady  state  information. 
The  accuracy  of  the  method  has  been  established  by 
comparing  the  predicted  steady  state  performance  of  a  two-spool 
bypass  engine  with  mixed  exhausts  with  the  observed  performance 
of  this  gas  turbine  on  the  test  beds.  Unfortunately  no  such 
comparison  could.  be  made  with  the  transient  performance  of  any 
engine  because  no  such  information  was  available.  Another  engine 
was  analysed  for  which  the  steady  state  performance-from  an 
alternative  simulation  was  known.  The  results  obtained  in  this 
case  were  very  close  without  any  adjusting  factors  being  intro- 
duced,  which  indicates  that  the  methods  used  are  quite  accurate. 
The  general  transient  procedure  has  been  developed  by 
incorporating  estimates  of  several  effects  due  to  the  heat  ex- 
change  between  engine  metal  and  fluid.  This  heat  exchange  pro- 
duces  non-design  blade  tip  and  seal  clearances,  movements  of  the 
compressor  characteristics  and  modifications  of  the  processes  of 
compression  and  expansion  of  the  gases  in  the  engine.  It  has 
been  found  that  these  effects  produce  significant  departures 
from  the  adiabatic  behaviour  of  the  engine. 
Particular  attention  has  been  paid  to  the  development 
of  models  for  the  calculation  of  tip  clearances.  No  previous 
work  in  t'his.  area  was  encountered,  so  the  method  employed  in 
this  programme  had  to  be  developed.  It  has  been  illustrated 
that  this  model  is  useful  by  itself,  but  the  emphasis  of  this 
work  is  on  engine  transient  performance,  and  another  model, 
much  simpler  had  to  be  devised  to  be  included  in  the  general 
programme,  without  significant  sacrifice  in  accuracy. 
Additional  work  is  required  in  the  sense  that  axial  movements 
between  rotating  and  stationary  parts  have  not  yet  been  treatet. 
Work  on  the  evaluation  of  direct  heat  transfer  effects 155 
was  available  and  procedures  that  have  already  been  tried  were 
modified  and  included  in  the  programme.  A  model  to  calculate 
movement  of  characteristics  during  transients  has  been  shown, 
and  simplified  versions  of  this  model  were  used  to  calculate 
movements  of  the  characteristics  and  the  surge  line. 
It  has  been  found  that  the  compressor  and  turbine 
clearance  movements  result  in  small  beneficial  effects  during 
an  acceleration.  Of  the  blade  tip  clearance  effects  the  most 
important  one  is  that  in  the  H.  P.  Turbine.  Seal  clearances 
have  an  important  retarding  effect  during  an  acceleration. 
Of  the  two  seals  investigated,  the  H.  P.  Turbine  seal  has  the 
most  important  effect.  During  an  acceleration  these  seal  effects 
in  conjunction  with  the  charactetistic  movements  of  the  comp- 
ressots  account  for  most  of  the  differences  between  adiabatic 
and  non-adiabatic  modelling.  Another  factor  to  be  considered 
is  the  effect  of  heat  capacities,  which  although  having  no 
significant  effect  on  the  transient  response,  produce  an 
important  deterioration  of  the  thrust  developed  by  the  engine 
at  the  end  of  the  speed  transient.  It  has  been  found  that  if 
the  heat  transfer  effects  of  the..  L.  P;  Shaft-.  components  are 
neglected,  there  will  be  no  modification  in  the  predicted 
engine  performance  during  transients. 
Another  interesting  aspect  of  performance  that  has 
been  investigated  is  the  period  of  time  immediately  following 
the  end  of  the  speed  transient.  During  this  period  of  time, 
important  changes  of  performance  have  been  predicted  due  to 
the  gradual  thermal  stabilisation  of  the  engine. 
The  usefulness  of  this  programme  as  a  tool  has  been 
illustrated  in  Chapters  II  and  V.  In  Chapter  II  eleven  engine 
configurations  have  been  analysed,  and  a  provision  for  two 156 
alternative  methods  of  analysing  fans  of  bypass  engines  and 
turbofans  have  been  demonstrated.  In  Chapter  V  various  effects 
have  been  analysed  in  addition  to  the  heat  transfer  effects. 
These  effects  are  the  incorporation  of  reheat,  the  importance  or 
the  degree  of  mixing  in  an  engine  with  mixed  exhausts  and  the 
effect  of  pressure  on  the  value  of  the  specific  heat  of  air. 
The  programme  can  simulate  engines  with  reheat,  one  of  its 
possible  uses  being  the  development  of  nozzle  area  schedules. 
It  has  been  shown  that  important  gains  in  performance  are 
possible  if  it  is  ensured  that  the  two  flows  in  a  bypass 
engine  are  fully  mixed,  and  that  the  effect  of  pressure  on 
specific  heat  can  safely  be  ignored.  Another  useful  use  of 
the  programme  is  that  of  designing  fuel  schedules  to  study 
different  transients. 
The  present  programme  from  the  point  of  view  of 
computing  time  is  not  very  far  from  real  time  simulation. 
A  single  spool  turbojet  uas  analysed  in  approximately  one  and 
a  half  real  time  and  the  most  complex  configurations  in  about 
four  to  five  times  real  time.  This  is  due  to  the  efficient 
convergence  procedures  designed  and  to  the  availability  of 
modern  computers.  Typically  an  engine  if  analysed  as  a  non- 
adiabatic  system  will  require  an  increase  of  eighty  percent 
of  computing  time  on  the  time  required  for  the  adiabatic  model. 
It  is  considered  that  this  penalty  is  acceptable,  because  of 
the  large  number  of  the  additional  effects  calculated,  and  their 
effect  on  the  transient.  It  has  been  shown  that  some  transients 
such  as  the  'Bodie'  transient,  produce  such  different  results 
when  analysed  with  or  without  heat  transfer  effects,  that  a 
non-adiabatic  system  is  necessary. 
The  present  method  is  a  natural  development  of  the 157 
long  list  of  procedures  available  far  the  simulation  of  gas 
turbine  performance.  The  main  difference  from  previous  work 
is  the  inclusion  in  the  programme  of  models  representing  the 
non-adiabatic  effects.  These  models  are  in  a  simplified  form, 
but  reasonably  accurate.  The  simplifications  are  necessary  to 
produce  a  manageable  computer  programme  the  scope  of  which  is 
a  general  and  realistic  simulation  of  gas  turbine  performance. 158 
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TWO  SPOOL  BYPASS  ENGINE  WITH  MIXED  EXHAUSTS 
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FIG.  86 
PERFORMANCE  OF  THE  LOW  PRESSURE  COMPRESSOR  OF  A  TWO  SPOOL 
BYPASS  ENGINE  WITH  MIXED  EXHAUSTS  DURING  AN  ACCELERATION  AT  SEA  LEVEL,  STATIC  CONDITIONS MM 
1.6 
1.4 
1.2 
1.0 
0.8 
0.6 
0.4 
0.2 
0.0 
0 
0.16 
0.14 
F  ö:  iö 
0.08 0.06 
0.04 
0.02 
0.00 
0 
C 
d 
-1.0 
-0.8 
-0.6 
-0.4 
-0.2 
0.0 
0 
0.045 
0.040 
0.035 
C 
0.025 
0.020 
0.015 
0.010 
ä  0.005 
0.000 
2468  10  12  14  16  18  20 
TIME  (S) 
CLEARANCES'  +STABILISED  -TRANSIENT 
2468  10  12  14  16  18  20 
TIME  (S) 
F.  HEAT  TRANSFER  TO  WORK  TRANSFER  RATIO 
2468 
TIME  (S) 
EFFICIENCY  CHANGES 
a  .  +-4-L.  ' 
10  12  14  16  18  20 
02468  10  12  14  16  18 
TIME  (S) 
CHANGES  IN  COMPRESSOR  CHARACTERISTICS 
DUE  T0u  ,*  AEROFOIL  BOUNDARY  LAYERS  +DENSITY  CHANGES  -TOTAL 
FIG.  87 
PERFORMANCE  OF  THE  HIGH  PRESSURE  COMPRESSOR  OF  A  TWO  SPOOL 
BYPASS  ENGINE  WITH  MIXED  EXHAUSTS  DURING  AN  ACCELERATION 
AT  SEA  LEVEL,  STATIC  CONDITIONS 
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PERFORMANCE  OF  THE  LOW  PRESSURE  TURBINE  OF  A  TWO  SPOOL 
BYPASS  ENGINE  WITH  MIXED  EXHAUSTS  DURING  AN  ACCELERATION 
AT  SEA  LEVEL,  STATIC  CONDITIONS 
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PERFORMANCE  OF  THE  HIGH  PRESSURE  TURBINE  OF  A  TWO  SPOOL 
BYPASS  ENGINE  WITH  MIXED  EXHAUSTS  DURING  AN  ACCELERATION 
AT  SEA  LEVEL,  STATIC  CONDITIONS 
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PERFORMANCE  OF  THE  TIO  COOLING  FLOW  SEALS  OF  A  TWO  SPOOL 
BYPASS  ENGINE  WITH  MIXED  EXHAUSTS  DURING  AN  ACCELERATION 
AT  SEA  LEVEL,  STATIC  CONDITIONS 
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PERFORMANCE  OF  THE  LOW  PRESSURE  COMPRESSOR  OF  A  TWO  SPOOL 
BYPASS  ENGINE  WITH  MIXED  EXHAUSTS  DURING  AN  ACCELERATION  AT  AN  ALTITUDE  OF  9150  M,  FLIGHT  MACH  N  0.8 1.6 
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PERFORMANCE  OF  THE  HIGH  PRESSURE  COMPRESSOR  OF  A  TWO  SPOOL 
BYPASS  ENGINE  WITH  MIXED  EXHAUSTS  DURING  AN  ACCELERATION 
AT  AN  ALTITUDE  OF  9150  M,  FLIGHT  MACH  N  0.8 MM 
3.0 
2.5 
2.0 
1.5 
1.0 
0.5 
nn We  V 
-0.30 
-0.25 
-0.20 
F 
-0.15 
-o.  1o 
-0.05 
0.00 
0 
0.6 
0.4 
0.2 
c 
a  0.0 
-0.2 
-0.4 
-0.6 
FIG.  93 
PERFORMANCE  OF  THE  LOW  PRESSURE  TURBINE  OF  A  TWO  SPOOL 
BYPASS  ENGINE  WITH MIXED  EXHAUSTS  DURING  AN  ACCELERATION 
AT  AN  ALTITUDE  OF  9150  M.  FLIGHT  MACH  N  0.8 
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PERFORMANCE  OF  THE  HIGH  PRESSURE  TURBINE  OF  A  TWO  SPOOL 
BYPASS  ENGINE  WITH  MIXED  EXHAUSTS  DURING  AN  ACCELERATION 
AT  AN  ALTITUDE  OF  9150  M,  FLIGHT  MACH  N  0.8 
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PERFORMANCE  OF  THE  TWO  COOLING  FLOW  SEALS  OF  A  TWO  SPOOL 
BYPASS  ENGINE  WITH  MIXED  EXHAUSTS  DURING  AN  ACCELERATION 
AT  AN  ALTITUDE  OF  9150  M,  FLIGHT  MACH  N  0.8 
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FIG.  96 
PERFORMANCE  OF  THE  LOW  PRESSURE  COMPRESSOR  OF  A  TJO  SPOOL  BYPASS  ENGINE  WITH  MIXED  EXHAUSTS  DURING  A  DECELERATION 
AT  SEA  LEVEL,  STATIC  CONDITIONS 1.6 
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FIG.  97 
PERFORMANCE  OF  THE  HIGH  PRESSURE  COMPRESSOR  OF  A  TWO  SPOOL  BYPASS  ENGINE  WITH  MIXED  EXHAUSTS  DURING  A  DECELERATION  AT  SEA  LEVEL,  STATIC  CONDITIONS MM 
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PERFORMANCE  OF  THE  LOW  PRESSURE  TURBINE  OF  A  TWO  SPOOL 
BYPASS  ENGINE  WITH  MIXED  EXHAUSTS  DURING  A  DECELERATION 
AT  SEA  LEVEL,  STATIC  CONDITIONS 
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PERFORMANCE  OF  THE  HIGH  PRESSURE  TURBINE  OF  A  TVO  SPOOL 
BYPASS  ENGINE  WITH  MIXED  EXHAUSTS  DURING  A  DECELERATION 
AT  SEA  LEVEL,  STATIC  CONDITIONS 
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PERFORMANCE  OF  THE  TIO  COOLING  FLOW  SEALS  OF  A  TVO  SPOOL 
BYPASS  ENGINE  WITH  MIXED  EXHAUSTS  DURING  A  DECELERATION 
AT  SEA  LEVEL,  STATIC  CONDITIONS 
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EFFECT  OF  NON-DESIGN  TRANSIENT  BLADE  TIP  CLEARANCES  ON  THE  PREDICTED 
PERFORMANCE  OF  A  TWO  SPOOL  BYPASS  ENGINE  WITH  MIXED  EXHAUSTS 
DURING  AN  ACCELERATION  AT  SEA  LEVEL,  STATIC  CONDITIONS 
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EFFECTS  OF  NON-DESIGN  TRANSIENT  SEAL  CLEARANCES  ON  THE  PREDICTED 
PERFORMANCE  OF  A  TWO  SPOOL  BYPASS  ENGINE  VITH  MIXED  EXHAUSTS 
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EFFECT  OF  THE  HEAT  CAPACITIES  OF  THE  COMPONENTS  ON  THE  PREDICTED 
PERFORMANCE  OF  A  TWO  SPOOL  BYPASS  ENGINE  WITH  MIXED  EXHAUSTS 
DURING  AN  ACCELERATION  AT  SEA  LEVEL,  STATIC  CONDITIONS 
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FIG.  104 
EFFECT  OF  THE  HEAT  CAPACITIES  OF  THE  COMPONENTS  ON  THE  PREDICTED 
PERFORMANCE  OF  A  TWO  SPOOL  BYPASS  ENGINE  WITH  MIXED  EXHAUSTS 
DURING  AN  ACCELERATION  AT  SEA  LEVEL  STATIC  CONDITIONS 
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EFFECTS  OF  COMPRESSOR  CHARACTERISTIC  CHANGES  ON  THE  PREDICTED 
PERFORMANCE  OF  A  TWO  SPOOL  BYPASS  ENGINE  WITH  MIXED  EXHAUSTS 
DURING  AN  ACCELERATION  AT  SEA  LEVEL,  STATIC  CONDITIONS 
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PATHS  ON  THE  CHARACTERISTC  MAPS  OF  THE  L.  P.  COMPRESSOR  OF  A 
TWO  SPOOL  BYPASS  ENGINE  WITH  MIXED  EXHAUSTS 
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PATHS  ON  THE  CHARACTERISTC  MAPS  OF  THE  H.  P.  COMPRESSOR  OF  A 
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CLEARANCE  MOVEMENTS  AND  HEAT  TRANSFER  AFFECTING  THE  PREDICTED 
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CLEARANCE  MOVEMENTS  AND  HEAT  TRANSFER  AFFECTING  THE  PREDICTED 
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CLEARANCE  MOVEMENTS  AND  HEAT  TRANSFER  AFFECTING  THE  PREDICTED 
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CLEARANCE  MOVEMENTS  AND  HEAT  TRANSFER  AFFECTING  THE  PREDICTED 
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CLEARANCE  MOVEMENTS  AND  HEAT  TRANSFER  AFFECTING  THE  PREDICTED 
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CLEARANCE  MOVEMENTS  AND  HEAT  TRANSFER  AFFECTING  THE  PREDICTED 
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PATHS  ON  THE  CHARACTERISTC  MAPS  OF  THE  L.  P.  COMPRESSOR  OF  A 
TWO  SPOOL  BYPASS  ENGINE  WITH  MIXED  EXHAUSTS 
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PATHS  ON  THE  CHARACTERISTC  MAPS  OF  THE  L.  P.  COMPRESSOR  OF  A 
TWO  SPOOL  BYPASS  ENGINE  WITH  MIXED  EXHAUSTS 
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PATHS  ON  THE  CHARACTERISTC  MAPS  OF  THE  H.  P.  COMPRESSOR  OF  A 
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PERFORMANCE  OF  A  TWO  SPOOL  BYPASS  ENGINE  WITH  MIXED  EXHAUSTS 
DURING  A  "BODIE"  TRANSIENT 
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EFFECT  OF  MIXING  ON  THE  STEADY  STATE  PERFORMANCE 
OF.  A  TVO  SPOOL  BYPASS  ENGINE  WITH  MIXED  EXHAUSTS 
AT  SEA  LEVEL  STATIC  CONDITIONS 
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EFFECT  OF  MIXING  ON  THE  STEADY  STATE  PERFORMANCE 
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PERFORMANCE  OF  A  TWO  SPOOL  BYPASS  ENGINE  WITH  MIXED  EXHAUSTS 
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EFFECT  OF  A  STEP  CHANGE  IN  FUEL  FLOU  ON  THE  PERFORMANCE  OF  A 
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EFFECT  OF  A  STEP  CHANGE  IN  FUEL  FL01J  ON  THE  PERFORMANCE  OF  A 
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STEADY  STATE  PERFORMANCE  WITH  REHEAT  OF  A 
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